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RESUMO 
 
 
O interesse nos estudos de reservatórios carbonáticos se deve as grandes reservas de 
hidrocarbonetos armazenadas nestas rochas. Reservatórios carbonáticos são altamente 
heterogêneos e complexos devido às características deposicionais e diagenéticas, que afetam a 
distribuição de porosidade e permeabilidade, tornando sua avaliação uma tarefa difícil. 
Compreender as diferentes escalas de heterogeneidades que ocorrem nessas rochas é um dos 
grandes desafios na caracterização dos reservatórios carbonáticos. A integração de dados em 
multiescala pode ser crítica para melhores resultados na avaliação de reservatórios. Os reservatórios 
carbonáticos do pós- e pré-sal representam prolíficos plays exploratórios distribuídos ao longo das 
bacias marginais brasileiras. Neste contexto, foi realizada uma análise de ciclicidade sedimentar e 
caracterização estrutural utilizando perfis de imagem acústica de poços em reservatórios 
carbonáticos do pós- e pré-sal das Bacias de Campos e Santos, SE Brasil. O padrão deposicional 
cíclico é uma característica comum dos carbonatos de águas rasas, marinhos ou lacustres. 
Entretanto, a detecção de padrões de ciclos sedimentares pode ser desafiadora devido à presença de 
eventos sobrepostos no registro geológico, que podem representar diferentes ordens de ciclicidade. 
Desta forma, foi proposto um método de análise espectral multiescala para auxiliar na detecção da 
ciclicidade sedimentar, utilizando dados de poço de um reservatório carbonático Albiano da Bacia 
de Campos. Primeiro, foi aplicado o variational mode decomposition (VMD) para decompor os 
perfis de raios gama em componentes distintos e, em seguida, foi gerado um cyclicity log a partir 
do mapeamento da frequência instantânea de um componente selecionado. Foram reconhecidas 
duas ordens hierárquicas de ciclicidade: ciclos de escala métrica, relacionados a variações locais, e 
ciclos mais espessos, associados a sequências deposicionais. Esses ciclos maiores apresentaram 
uma boa correlação lateral na área de estudo para as principais unidades estratigráficas. O método 
proposto também foi aplicado para auxiliar na análise da ciclicidade sedimentar de um reservatório 
carbonático do pré-sal da Bacia de Santos. Com base em perfis de raios gama espectral foram 
identificadas três ordens de ciclicidade na sucessão: alta, média e baixa frequência. Os ciclos de 
média frequência possibilitaram distinguir três sequências dentro do intervalo sag, indicando 
alternância de períodos úmidos e secos. Os ciclos de baixa frequência foram associados a duas 
unidades maiores, Sag Inferior e Superior, também reconhecidas em sísmica. Os ciclos de escala 
maior apresentaram boa correlação lateral e unidades estratigráficas definidas por esses ciclos 
mostraram bom controle na distribuição de porosidade e permeabilidade. Desta forma, a análise de 
ciclicidade é uma ferramenta valiosa para auxiliar na caracterização da evolução estratigráfica local 
e na predição da distribuição das propriedades de reservatório. Por fim, foi desenvolvida uma 
análise estrutural baseada em ferramentas de imagem acústica para o reservatório do pré-sal. Esta 
análise fornece informações estruturais sub-sísmicas relevantes, incluindo análise do mergulho 
(dip) estrutural, avaliação de fraturas e estimativa da orientação do stress local atual. Dentre as 
feições mais importantes dos reservatórios do pré-sal, foi investigado o padrão de distribuição das 
fraturas e vugs, que indicaram um controle estratigráfico. A partir de borehole breakouts e fraturas 
induzidas, a direção de tensão (stress) local foi estimada, bem como sua relação com a orientação 
das fraturas abertas, devido à importância significativa para o fluxo do fluido. Estes estudos 
integrados para a caracterização de reservatórios carbonáticos podem contribuir para melhorar a 
previsão da distribuição das propriedades do reservatório e fornecer condicionantes importantes à 
modelagem de reservatórios, o que pode reduzir as incertezas associadas à exploração e produção. 
 
 
Palavras Chave: Reservatórios carbonáticos, Ciclicidade sedimentar, Propriedades de 
reservatório, Fraturas e vugs, Perfis de imagem de poço, Bacias de Campos e Santos 
 
 
 
 
ABSTRACT 
 
 
The increasing research interest in carbonate reservoirs is related to the large hydrocarbon reserves 
hosted by these rocks. Carbonate reservoirs are highly heterogeneous and complex due to 
depositional and diagenetic characteristics, which affect the porosity and permeability distribution 
and make their evaluation a difficult task. To integrate the different scales of heterogeneities that 
occur in these rocks is one of the great challenges in the characterization of carbonate reservoirs. 
Integrating different approaches that address datasets across different scales may be critical for 
better results in reservoir evaluation. The post- and pre-salt carbonate reservoirs represent prolific 
exploratory plays distributed along the Brazilian marginal basins. In this context, we performed 
sedimentary cyclicity analysis and acoustic borehole image structural characterization in post- and 
pre-salt carbonate reservoirs from the Campos and Santos Basins, SE Brazil. The cyclic depositional 
pattern is a common feature of marine or lacustrine shallow-water carbonates. However, the 
detection of sedimentary cycle patterns can be challenging due to the presence of superimposed 
events in the geological record, which may represent different orders of cyclicity. In this way, we 
proposed a multiscale spectral analysis method to assist in the detection of the sedimentary cyclicity 
using well log data of an Albian carbonate reservoir from the Campos Basin. First, we applied the 
variational mode decomposition (VMD) to decompose the gamma-ray logs into distinct 
components and, then, we created a cyclicity log by mapping the instantaneous frequency of a 
selected component. We recognized two hierarchical orders of cyclicity embedded in the geological 
record: meter-scale cycles, related to local variations, and long-term cycles, associated with 
depositional sequences. These long-term cycles enabled us to establish a good lateral correlation of 
the main stratigraphic units across the area. The proposed method was also applied to assist in the 
sedimentary cyclicity analysis of a pre-salt carbonate reservoir from the Santos Basin. Based on 
spectral gamma-ray logs, we identified three orders of cyclicity in the succession: high-, medium-, 
and low-frequency cycles. The medium-frequency cycles enabled us to distinguish three main 
sequences within the sag interval, indicating humid vs. dry periods. The low-frequency cycles were 
associated with two major units, Lower and Upper Sag, which were also recognized in the seismic 
data. The long-term cycles presented good lateral correlation and the stratigraphic units defined by 
these cycles showed reasonable control in the distribution of porosity and permeability. Thus, the 
cyclicity analysis is a valuable tool to assist in the characterization of the local stratigraphic 
evolution and to predict the distribution of reservoir properties. In addition, we developed a 
structural analysis based on acoustic imaging tools for this pre-salt reservoir. This analysis provides 
key sub-seismic structural information, including structural dip analysis, fractures evaluation, and 
estimation of the present-day in-situ stress direction. Among the most important features of the pre-
salt reservoir, we investigated the fractures and vugs distribution patterns, which indicated a 
stratigraphic control. From borehole breakouts and drilling-induce fractures, the in-situ stress 
direction was estimated, as well as its relationship with the orientation of the open fractures, due to 
the significant importance to fluid flow. These integrated studies for the characterization of 
carbonate reservoirs may contribute to improve the prediction of the reservoir properties 
distribution and provide valuable constraints to reservoir modeling, which may reduce uncertainties 
associated with exploration and production. 
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1. INTRODUCTION  
 
 
The exploration of a hydrocarbon reservoir presents major challenges due to the high 
uncertainty in the definition of critical parameters for the assessment of the reservoir, especially 
in complex heterogeneous reservoirs, such as the carbonates (Nikravesh, 2004; Bust et al., 
2009). Reservoir characterization methods aim to provide essential information for the 
prediction of the three-dimensional spatial distribution of petrophysical properties (Lucia, 
2007). 
The characterization of carbonate reservoirs is very challenging due to their high 
geological complexity, which can be observed by the heterogeneous facies distribution and 
wide variability of its porosity-permeability system (Lucia et al., 2003; Bust et al., 2009). 
The complex pore system in carbonate rocks is influenced by depositional processes and 
diagenetic alterations, due to the high-reactivity of carbonate minerals, as well as by fracturing 
and hydrothermal processes (Choquette and Pray, 1970; Tucker and Wright, 1990; Moore 2001; 
Chitale, et al., 2009; Ehrenberg et al. 2012; Chafetz 2013; Tonietto and Pope, 2013; Herlinger 
Jr. et al., 2017; Whitaker and Frazer, 2018). The superimposed diagenetic and deformational 
processes can be very critical to the reservoir quality, affecting the porosity and permeability 
characteristics of the reservoir rocks (Hiatt and Kyser, 2000; Lima and De Ros, 2019). Such 
varied distribution of porosity across different scale adds complexity to the flow properties of 
the reservoir, mainly in the case of fractured and/or karstified (vuggy) reservoirs (Menezes de 
Jesus et al., 2016)  
Major hydrocarbon accumulations within the eastern Brazilian marginal basins are 
associated with post- and pre-salt carbonate reservoirs. These can be mostly related to the 
Albian marine and Aptian lacustrine carbonate sequences from the Campos and Santos Basins 
(Mohriak, 2015; Bruhn et al., 2017).  
The discovery of oil in the Albian carbonate rocks of the Campos Basin marks the 
beginning of exploratory success in the Campos Basin (Spadini, 2008). The Albian carbonate 
sequence comprises high-energy, shallow-water marine carbonates, deposited in a typical 
ramp/platform setting (Spadini et al., 1988; Cainelli and Mohriak, 1999). These carbonates are 
formed by relatively well-defined shoaling-upward cycles, formed by wackestones/packstones 
and grainstones, directly linked to tectono-eustatic changes (Spadini, 1992; Spadini, 2008). 
17 
 
 
The Brazilian pre-salt succession is a prolific ultra-deepwater hydrocarbon province of 
Aptian age, which has attracted major research interest due to the significant exploratory 
potential (Papaterra, 2010; De Luca et al., 2017). 
The lacustrine pre-salt carbonate reservoirs are highly affected by diagenesis, which has 
a major impact the large spatial heterogeneity of the reservoir properties, resulting in a complex 
porous system with varied distribution of porosity across different scale, including large vugs 
and fractures (Jones and Xiao, 2013; Boyd et al., 2015; Lima and De Ros, 2019). These 
reservoirs are commonly affected by vugs and fractures, which impacts in the production 
(Menezes de Jesus et al., 2016). Another characteristic of these carbonates is the deposition 
pattern arranged in well-defined cyclothems composed of laminites, spherulites, and shrubs 
(Wright and Barnett, 2015). 
Shallow-water carbonates commonly display depositional cycles that stack to form larger 
stratigraphic units, comprising different hierarchical orders (Al-Kharusi, 2009). Sedimentary 
cycles result from the periodic repeating of any sedimentary event in a sequence, which reflects 
repetitive changes of depositional environments through time. (Duff et al. 1967; Schwarzacher, 
1993; Einsele, 2000; Strasser, 2018). The evaluation of the cyclic pattern commonly relies on 
spectral analysis methods, which are particularly useful to stratigraphic time series (e.g. well 
logs) that are often noisy due to the superimposition of different events in the sedimentary 
record, allowing a quantitative assessment of sedimentary cyclicity characteristics 
(Goldhammer et al, 1990; Doveton, 1994; Prokoph and Agterberg, 1999; Einsele, 2000; 
Weedon, 2003; Perlmutter and Azambuja Filho, 2005; Machlus et al., 2008; Meyers, 2008; 
Eberli, 2013). 
Three main factors controlling the disposition have been associated with the sedimentary 
cycles: changes in relative sea-level (or lake-level), tectonism (uplift and subsidence), and 
climate change (Kendall and Schlager, 1981; Goldhammer et al., 1990; Perlmutter and 
Azambuja Filho, 2005). 
Shallowing upward cycles are one the most common stratigraphic features of marine 
carbonate platform and lacustrine successions (e.g. Tucker and Wright 1990; Platt and Wright, 
1991; Spence and Tucker, 2007). However, lakes are very dynamic systems commonly more 
sensitive to even subtle climate changes, due to limited volumes of sediment and water (Platt 
and Wright, 1991; Bohacs et al., 2000). Thus, lacustrine deposits characteristically show more 
complex vertical and lateral facies distribution patterns (Tucker and Wright, 1990; Platt and 
Wright, 1991). The evolution of the lacustrine deposition is often highly influenced by several 
factors, such as lake-level fluctuations, complex hydrological conditions, water geochemistry 
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and sediment input, reflecting the interaction of tectonics and climate changes (wet vs. dry) 
(Tucker and Wright, 1990; Platt and Wright 1991; Abels et al., 2009; Herlinger Jr., 2016; Farias, 
2018). 
In this way, the investigation of depositional cycles becomes a fundamental aspect of 
carbonate reservoir characterization (Ehrenberg et al., 2017). The recognition of the cyclic 
sedimentation pattern in these carbonate sequences may provide insights for a better 
understanding of the depositional evolution, in both marine and lacustrine environments, and 
for predictive models of stratal heterogeneity (Maia, 2015; Burgess, 2016; Farias, 2018). The 
controls on facies spatial distribution can be useful in terms of predicting porosity-permeability 
patterns and lateral correlation, which have important implications on reservoir evaluation 
(Aitken and Howell, 1996; Lucia, 2007; Perlmutter and Azambuja Filho, 2005; Winterbottom, 
2014; Farias, 2018). 
Furthermore, the sedimentary cycles also govern the susceptibility to both fractures and 
dissolution into distinct mechanical layers (Garland et al., 2012). Stratigraphy exerts a major 
control on fracture patterns and evolution (Underwood et al., 2003; Al-Kharusi, 2009; 
Hennings, 2009; Jacquemyn et al., 2012). Fractures are common features in carbonate 
reservoirs, adding complexity to the characterization since they create complex flow networks, 
strongly influencing on the fluid flow pattern and production rates of the reservoir (Nelson 
2001; Schlumberger, 2008; Menezes de Jesus et al., 2016). 
Nonetheless, despite the importance of the fractures, the characterization of the 
occurrence and impact of these features in complex carbonate reservoirs can be very 
challenging, because they are hard to detect using conventional wireline logs and seismic data. 
Therefore, advanced borehole imaging techniques have been applied to reservoir studies to 
investigate small-scale heterogeneities due to their relevance for exploiting purposes (Hennings 
2009; Victor, 2017). The high resolution of the borehole image logs makes them a valuable tool 
for analyzing such heterogeneities at the well-scale. 
Borehole image logs play a major role in reservoir evaluation, as it provides very detailed 
information of the reservoir rocks (Lagraba et al. 2009; Shahinpour, 2013). These high-
resolution logs record a continuous image of the borehole wall, detecting key sedimentological 
(e.g. mineralogical and textural variations) and sub-seismic structural data, including significant 
features such as vugs and fractures, assisting in reservoir evaluation (Prensky, 1999; Al-
Rhougha et al. 2005; Shahinpour, 2013; Muniz and Bosence, 2015).  
The most common imaging tools are acoustic and electrical devices (Prensky, 1999).  
Acoustic image logs are commonly used to assess structural and stratigraphic features of 
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reservoir rocks. Their main applications comprise the identification and evaluation of porosity 
(e.g. vugs), natural fractures and breakouts (Prensky, 1999; Shahinpour, 2013; Lai et al., 2018). 
The interpretation of these image-derived data becomes critical to a detailed structural 
characterization of the reservoir, including in-situ stress analysis, which has important 
implications to the fluid flow (Laubach, 2003; Ameen et al., 2010; Lai et al., 2018). 
Thus, the challenge for a reliable characterization remains on confidently predicts the 
reservoir properties and its distribution, which increases in the case of complex carbonate 
reservoirs. Carbonate reservoirs are markedly heterogeneous from core to reservoir scales 
(Borgomano et al., 2008; BUST et al., 2009). This complexity requires a multidisciplinary 
approach, by integrating data across different scales, such as core analysis, well logs, seismic 
data and production tests (Rivera, 2003). Such analysis is key to better understand the reservoir 
heterogeneities and build predictive models for porosity-permeability distribution, which is 
critical for reservoir development and depletion strategies (Farias, 2018). 
 
 
1.1. Motivation 
 
 
The study of carbonate reservoirs has gained great relevance in Brazil, especially after 
the prolific pre-salt discoveries. However, there are several challenges for the characterization 
of these reservoirs due to multiscale spatial heterogeneity. Strong post-depositional structural 
and diagenetic history may greatly affect porosity and permeability distribution. 
The main motivation of this study is to apply different approaches, integrating datasets 
across different scales, in order to assist in the characterization of carbonate reservoirs, in 
particular, a post-salt reservoir from the Campos Basin and a pre-salt reservoir from the Santos 
Basin. An integrated approach is key to address heterogeneities in different scales, such as well 
and seismic scales, in complex and heterogeneous carbonate reservoirs, which may have 
important implications on reservoir evaluation. 
 
 
1.2. Objectives 
 
 
The purpose of the sedimentary cyclicity analysis is to provide insights on the evolution 
of the local depositional settings, which enables predictive models of the stratigraphic 
compartmentalization of the reservoir. This approach is also effective to investigate lateral 
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continuity and spatial variability, and the controls in the distribution of the reservoir properties 
(porosity and permeability) across the field, which highlights higher-quality reservoir intervals. 
A spectral analysis method is applied to assist in the better identification of the sedimentary 
cycles. 
The main purpose of the borehole image logs based structural analysis is the 
characterization of the fracture patterns, as well as to investigate the distribution of these 
fractures and vuggy features within the reservoir, and to estimate the in-situ stress orientation. 
In addition, to understand the relationship between natural fractures and present-day in-situ 
stress plays a crucial role, as it may have a great impact on reservoir performance and, therefore, 
production rates. These high-resolution investigations provide valuable constraints for more 
reliable discrete fracture network (DFN) and reservoir models. 
 
 
1.3. Thesis Structure 
 
 
This thesis is structured into three main sections: introduction, results, and conclusions. 
The results section is comprised of three chapters (2, 3 and, 4), which are presented in the style 
of journal papers. 
 
Chapter 2 - Paper 1: The use of variational mode decomposition in assisting sedimentary 
cyclicity analysis: A case study from an Albian carbonate reservoir, Campos Basin, SE 
Brazil 
Leandro H. Melani, Bruno C.Z. Honório, Ulisses M.C. Correia, Alexandre C. Vidal 
Submitted to a peer-reviewed journal, Geophysics 
In this manuscript, we performed a sedimentary cyclicity analysis of an Albian carbonate 
reservoir from the Campos Basin (SE Brazil) by applying a multiscale spectral analysis method 
to assist in the detection of the sedimentary cycles using well log data. Firstly, we applied the 
VMD to decompose the well logs and carried out conventional time-domain analysis to identify 
larger-scale cycles in the studied stratigraphic succession. Then, we mapped the instantaneous 
frequency of a selected component to create a cyclicity log, which highlights the high-frequency 
cycles. We were able to recognize two hierarchical orders of cyclicity: the meter-scale high-
frequency cycles and the low-frequency cycles that could be associated with depositional 
sequences. We also established a lateral correlation using the long-term cycles throughout the 
area. Therefore, our findings suggest that the proposed method is a valuable tool in assisting 
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sedimentary cyclicity analysis, which may be crucial for reliable reservoir characterization, thus 
reducing the interpretation bias. 
 
Chapter 3 - Paper 2: Integrated reservoir and stratigraphic characterization based on 
sedimentary cyclicity analysis of a pre-salt lacustrine reservoir from the Santos Basin, 
offshore Brazil 
Leandro H. Melani, Ulisses M.C. Correia, Bruno C.Z. Honório, Alexandre C. Vidal 
To be submitted to a peer-reviewed journal 
In this manuscript, we applied a spectral-analysis-based method to well log data to assist 
in the detection of sedimentary cyclicity, in order to investigate the local stratigraphic evolution 
of an Aptian pre-salt lacustrine carbonate reservoir of the Barra Velha Formation from the 
Santos Basin. In addition, this investigation provided insights on the associated control of the 
reservoir stratigraphic in the distribution of reservoir properties. We identified three hierarchical 
orders of cyclicity and explored the evolution of the depositional settings associated with the 
cyclicity pattern. The medium- and long-term cycles could be used by means of lateral 
correlation across the area. Porosity and permeability distribution, as well as the occurrence of 
fractures and vugs, was analyzed according to the reservoir stratigraphy defined by the cyclicity 
analysis. This investigation provided a better understanding of the stratigraphic evolution and 
distribution of the reservoir properties within the sag interval. 
 
Chapter 4 - Paper 3: Acoustic borehole image log-based structural analysis of a Brazilian 
pre-salt carbonate reservoir from the Santos Basin 
Leandro H. Melani, Ulisses M.C. Correia, Alexandre C. Vidal 
To be submitted to a peer-reviewed journal 
In this manuscript, we carried out a structural analysis for an Aptian pre-salt carbonate 
reservoir from the Santos Basin using acoustic borehole image log. The analysis of the high-
resolution information enabled a detailed structural zonation of the reservoir based on bedding 
dips. We evaluated the fracture patterns in term of type, orientation, and density. We also 
studied the distribution of fractures and vuggy features within the reservoir interval, which 
commonly affects the reservoir properties. We investigated the relationship between open 
fractures and present-day in-situ stress, estimated from borehole breakouts and drilling-induced 
fractures, which greatly affect the hydrocarbon production rates. This analysis may provide 
valuable constraints for reservoir modeling. 
  
22 
 
 
2. THE USE OF VARIATIONAL MODE DECOMPOSITION IN 
ASSISTING SEDIMENTARY CYCLICITY ANALYSIS: A CASE 
STUDY FROM AN ALBIAN CARBONATE RESERVOIR, CAMPOS 
BASIN, SE BRAZIL 
Leandro H. Melani, Bruno C.Z. Honório, Ulisses M.C. Correia, Alexandre C. Vidal 
Submitted to a peer-reviewed journal, Geophysics 
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THE USE OF VARIATIONAL MODE DECOMPOSITION IN ASSISTING 
SEDIMENTARY CYCLES ANALYSIS: A CASE STUDY FROM AN ALBIAN 
CARBONATE RESERVOIR, CAMPOS BASIN, SE BRAZIL 
 
ABSTRACT 
The sedimentary cyclicity analysis investigates the cyclic patterns and the different hierarchical 
orders of cyclicity in the stratigraphic record. The detection of cyclic depositional patterns is a 
key element of quantitative stratigraphy. It is often based on well log data, which can be 
challenging due to the presence of superimposed cycles and non-geological artifacts. We 
propose an approach to assist the detection of sedimentary cyclicity in well log signals based 
on a multiscale spectral analysis method. First, we apply the variational mode decomposition 
(VMD) to decompose the gamma-ray (GR) logs into band-limited sub-signals, the intrinsic 
mode functions (IMFs), to investigate different orders of smoothness, signal-to-noise ratio and 
the cyclicity embedded in the geological record. Conventional time-domain analysis is carried 
out to understand the general trends in the IMFs, which enables us to better identify long-terms 
cycles associated with Transgressive-Regressive (T-R) sequences. Then, by appropriately 
selecting a given IMF and extracting the instantaneous frequency (IF) and its mirrored version, 
we build a cyclicity log that can map expressive behavior change in the time-frequency domain. 
Because the IF is more sensitive to the signal variations, we could highlight the short-term 
cycles throughout the formation in detail. The detected short-term cycles are in agreement with 
the T-R sequence. We apply our method to the Albian carbonate succession of Macaé Group, 
Campos Basin, Brazil. We understand that the proposed method can be a valuable tool for semi-
automated detection of sedimentary cycles, assisting in the characterization of different 
hierarchical orders of cyclicity. 
 
Keywords: Albian Carbonates, Sedimentary Cyclicity, VMD, Hilbert Transform, Time-series 
Analysis. 
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INTRODUCTION 
Sedimentary cyclicity analysis plays an important role in reservoir characterization. It 
investigates the cyclic depositional patterns of geological formations in the stratigraphic record 
and recognizes different hierarchical orders of cyclicity, a key element to define sequence 
stratigraphic frameworks (Mancini and Puckett, 2002; Hilgen et al., 2004; Perlmutter and 
Azambuja Filho, 2005).  
  Schwarzacher (1975) defines cyclic sequences as sedimentary series with various rock 
types arranged in repetitive patterns. Detection of deterministic patterns (i.e., cycles) in 
sedimentary successions is a major goal of quantitative stratigraphy (Prokoph and Agterberg, 
1999) and commonly involves examining well log data. In this context, well log data can be 
treated as time series. Most well log responses contain numerous non-stationary or transitory 
characteristics that mark different stratigraphic events, such as trends and abrupt changes 
(Weedon, 2003; Rivera et al., 2004; Djin Nio et al., 2005; Coconi-Morales et al., 2010).  
An increasing number of studies use spectral analysis methods applied to well log data 
to assess the frequency content of geological time-series, assisting in detailed quantitative 
cyclicity analysis. The most common of these methods are Fourier transform (e.g., Herbert and 
Fischer, 1986; Schwarzacher, 1993) and wavelet transform (Jingling et al., 2009; Coconi-
Morales et al., 2010; Honório et al., 2012; Li and Guo, 2013; Kadkhodaie and Rezaee, 2017). 
The latter is usually preferred because of the non-stationarity of geological records. Prokoph 
and Barthelmes (1996) and Prokoph and Agterberg (1999, 2000) applied wavelet analysis to 
recognize sequence boundaries and other abrupt changes in sedimentary successions. Rivera et 
al. (2004) compared the Fourier transform, wavelet transform, and semivariogram, showing 
that wavelet analysis is more suitable for cyclicity studies. Despite the numerous applications 
of the wavelet transform to well log decomposition, defining the wavelet basis function can be 
challenging because of its subjectivity and difficulties in attributing physical meaning to this 
function (Xu et al., 2018). 
 Data-driven signal decomposition methods can be applied to overcome the limitations 
of basis function-based methods. Zhao and Li (2015) used the empirical mode decomposition 
(EMD) (Huang et al., 1998) to identify stratigraphic cycles and interfaces in well log data, while 
Liu et al. (2015) applied the Hilbert-Huang Transform (HHT), an EMD-based method, to detect 
sedimentary cycles in seismic data. However, the frequency mixture is an important limitation 
of the EMD, which makes the interpretation of the decomposed sub-signals more challenging 
(Li et al., 2017). 
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As an improved alternative to the EMD, the variational mode decomposition (VMD) 
(Dragomiretskiy and Zosso, 2014) emerged as a more robust signal decomposition technique. 
This new non-recursive method is based on a solid mathematical foundation and can decompose 
any non-stationary signal into an ensemble of band-limited modes (components) with specific 
sparsity properties. The core assumption of VMD is the limited bandwidth of each mode, which 
is more compact than that of the EMD. Some advantages of the VMD includes the predefinition 
of the number of modes to be concurrently extracted, avoiding redundant modes and reducing 
the amount of residual noise in the modes, which leads to more robust results and increased 
efficiency (Dragomiretskiy and Zosso, 2014; Li et al., 2016; Wang et al., 2017). Consequently, 
the VMD improves the recognition of stratigraphic boundaries on different components by 
suppressing interference from other less representative components (Li et al., 2017). Although 
relatively new, the VMD has already been applied to geophysical data analysis (Li et al., 2016; 
Liu et al., 2016; Li et al., 2017; Liu et al., 2017; Xu et al., 2018). In the cyclicity analysis 
context, Xu et al. (2018) applied the VMD to determine the sedimentary cycle using well logs 
for a conglomerate reservoir. In this case, the authors used the IMFs and their envelope to 
differentiate sandstone and conglomerate lithologies. 
In this way, our goal is to perform a sedimentary cyclicity analysis of a carbonate 
reservoir using well log data by evaluating a further development in the application of the VMD. 
Firstly, we carried out conventional time-domain analysis to map long-terms cycles based on 
the general trends of the IMFs. Then, we mapped the instantaneous frequency of a selected sub-
signal and its mirrored version, creating a cyclicity log. Due to the higher sensitivity of the 
instantaneous frequency, the cyclicity log better captures the signal variations and highlights in 
detail the short-term cycles throughout the formation. We demonstrate our approach by 
performing a well log cyclicity analysis in a carbonate reservoir of the Macaé Group from the 
Campos Basin, offshore Brazil. 
 
GEOLOGICAL SETTINGS 
We selected four wells located in the southern Campos Basin (Block C-M-592 - OGX), 
in the Brazilian continental margin (Figure 2.1). The Campos Basin originated during the 
breakup of the Gondwana supercontinent, marked by the rupture of the South American and 
African plates and subsequent development of the South Atlantic Ocean (Guardado et al., 
1989).  
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Figure 2.1. Location of the study area in Southern Campos Basin and the wells used in this 
work (Modified from Mohriak et al 2008). 
The Macaé Group (Albian-Cenomanian) corresponds to the Albian shallow-marine 
carbonate platform deposited, in a general sense, in a very gentle ramp setting (Figure 2.2). This 
carbonate sequence was deformed by halokinesis, which controls the facies distribution 
(Spadini et al., 1988; Guardado et al., 1989; Cainelli and Mohriak, 1999). In this post-salt 
succession, two main stratigraphic intervals can be recognized:  
I. Early to Middle Albian (Quissamã Formation): the basal section (Búzios Member), 
associated with tidal flat and lagoonal systems, is characterized by intense dolomitization 
and complex porous system. The upper section is dominated by grainstones and packstones 
associated with high-energy shoals, deposited in a large shallow marine platform 
environment (Spadini et al., 1988; Guardado et al., 1989; Azevedo, 2005). This upper 
section corresponds to the reservoir interval of the Macaé Group (Winter et al., 2007; Silva 
et al., 2012).  
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II. Late Albian (Outeiro Formation): composed of calcilutites and marls, it is a regional 
transgressive sequence deposited from the drowning of the carbonate platform, in response 
to a global sea-level rise and progressive subsidence of the basin (Chang et al., 1988; 
Spadini et al., 1988). 
 
Figure 2.2. Schematic stratigraphic chart of the Albian carbonates of the Macaé Group in the 
Campos Basin (Modified from Okubo et al., 2015). The area of study is marked in red. 
 
CYCLICITY IN CARBONATES PLATFORMS 
The cyclic depositional pattern is a common feature in sedimentary rocks, addressed by 
several authors in the study of carbonate platforms sequences (e.g. Wilson, 1975; Kendal and 
Schlager, 1981; James, 1984; Hardie and Shinn, 1986).  The repetitive pattern reflects the 
interplay of tectonism, sedimentation rates, climate changes, and, mostly, eustatic fluctuations 
(Sarg, 1988; Goldhammer et al., 1990; Kerans and Tinker, 1997; Strasser et al., 1999; Fischer 
et al., 2004). 
Carbonate platforms are typically characterized by meter-scale cycles, which are often 
evidence of high-frequency relative sea-level changes, composing the basis for high-resolution 
stratigraphy (e.g., Kerans and Tinker, 1997; Yang et al., 1998; Lehrmann and Goldhammer, 
1999; Fischer et al., 2004; Schlager, 2005; Tucker and Garland, 2010). The nature of these 
cycles can vary considerably in a complete cycle of accommodation changes, comprising the 
typical regressive (shallowing-up), as well as transgressive (deepening-up) and transgressive-
regressive (T-R) cycles (Spence and Tucker, 2007).  
The long-term trends commonly reflects the vertical stacking pattern of several short-
term cycles, displaying evidences of T-R sequences in a platform environment, which is 
controlled by regional or global sea-level changes (Goldhammer et al., 1990; Schlager et al., 
1994; Mancini and Puckett, 2002; Fischer et al., 2004; Azevedo, 2005; Perlmutter and 
Azambuja Filho, 2005). In general, the long-term cycles represent useful tools for lateral 
correlation, because they correspond to longer time intervals. As a result, they may be 
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associated with depositional sequences, reaching up to hundreds of meters thick, which makes 
them likely to be represented in the stratigraphic record due to better chances of preservation in 
the sedimentary evolution (D´Argenio et al., 1999).  
Previous studies investigated the sedimentary cyclicity aspects of the Albian carbonates 
of the Macaé Group. Falkenhein (1981) and Guardado et al. (1989) identified a succession of 
shallowing upward depositional cycles in shallow marine carbonate platforms. Spadini (1992) 
recognized a succession of subtidal depositional cycles, formed as a response to either eustatic- 
or tectonic-controlled successive sea level rises. Based on well log and core data, Azevedo 
(2005) established different hierarchical orders for the shallowing upward cycles, improving 
the resolution of the stratigraphic framework. He also delineated common patterns of facies 
evolution as T-R trends of long-term cycles within the platform environment. Blauth et al. 
(2012) described a predominant subtidal system, comprising regressive and transgressive 
hemicycles. Silva et al. (2012) performed a cyclostratigraphic analysis to understand the 
sedimentary evolution of the Quissamã Formation. They recognized basal transgressive and 
upper highstand system tracts, as well as key stratigraphic surfaces (transgressive and maximum 
flooding surfaces). 
 
CYCLICITY DETECTION THROUGH VMD 
Xu et al. (2018) demonstrated that VMD is a valuable tool to investigate sedimentary 
cycles using well logs. The VMD is an adaptive and non-recursive method to decompose any 
real-valued signal into a discrete number of sub-signals, the IMFs, each having specific sparsity 
properties while reproducing the input signal. The sparsity of each mode is constrained by its 
bandwidth in the spectral domain. Basically, the model looks for an ensemble of band-limited 
modes, each compacted around the center frequency, which is to be defined along with the 
decomposition (Dragomiretskiy and Zosso, 2014). Each IMF has a localized frequency 
component, which can represent certain hidden information (Li et al., 2016).  
For the mathematical description of the VMD, we refer to Dragomiretskiy and Zosso 
(2014). Essentially, the VMD recursively solves the following optimization problem: 
𝑚𝑖𝑛
{𝑢𝑖}{𝜔𝑖}
{∑ ‖𝜕𝑖 [(𝛿(𝑡) +
𝑗
𝜋𝑡
)  ∗ 𝑢𝑖(𝑡)] 𝑒
−𝑗𝜔𝑖𝑡‖
2
2
𝑖
},                       (1) 
s. t. ∑ 𝑢𝑘
𝑖
 =  𝑥(𝑡)                    
where 𝑢𝑖 are modes with their center frequencies 𝜔𝑖, 𝛿(𝑡) is a Dirac impulse, and 𝑥(𝑡)  is the 
signal to be decomposed. The optimization problem is subject to the constraint that the sum of 
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all modes must be equal to the input signal. The Hilbert transform of 𝑢𝑖 is the term 
(𝛿(𝑡) +
𝑗
𝜋𝑡
)  ∗ 𝑢𝑖(𝑡). 
After decomposing the signal into its IMFs (𝑢𝑘), the input signal x (t) can be determined 
as follows: 
𝑥(𝑡)   =  ∑ 𝐼𝑀𝐹𝑖  +  𝑟𝑛
𝑛
𝑖=1
 ,                                                  (2) 
where rn  is the final residue. Figure 2.3 illustrates the VMD applied to a synthetic signal which 
is composed of three monochromatic components: 𝑐𝑜𝑠(10𝜋𝑡 +  10𝜋𝑡2), 𝑡 ∈  [0 1]; 
𝑐𝑜𝑠(60𝜋𝑡), 𝑡 ∈  [0 0.5]; and 𝑐𝑜𝑠(120𝜋𝑡 −  10𝜋), 𝑡 ∈  [0.5 1] of dominant frequencies 10, 
30 and 60 cycles/m, respectively. The first IMF (IMF1)captures the low frequency component 
and reflects the general trend of the original signal. The IMF3 maps the higher frequency 
component, capturing small scale features. Generally, in real case situations, the higher the IMF, 
the lower the signal-to-noise ratio (SNR) and more significant is the influence of noise. 
 
Figure 2.3. The VMD analysis. (a) Synthetic signal and (b-d) IMF1, IMF2, and IMF3, 
respectively. IMF1 comprises the low-frequency, IMF2 the middle-frequency, and IMF3 the 
highest-frequency components of the original signal, representing different orders of cyclicity. 
We further developed the idea explored by Xu (2018) by also analyzing the 
instantaneous frequency of the IMFs. The frequency content is an important parameter for many 
signal analysis workflows. Liu et al. (2015), for example, using the HHT demonstrated that the 
a) b) c) d)
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IF and its mirrored version can be useful to highlight sedimentary cycles embedded within the 
geological record, in seismic data in this case. 
To build the cyclicity log we use the IF calculated from the analytical signal through 
Hilbert transform. For that, consider a signal 𝑥(𝑡) with its Hilbert transform 𝑦(𝑡). The analytic 
signal 𝑧(𝑡) is given by  
𝑧(𝑡) = 𝑥(𝑡) + 𝑖𝑦(𝑡)  = 𝑅(𝑡) 𝑒𝑥𝑝[𝑖𝜃(𝑡)],                                      (3) 
where 𝑅(𝑡) and 𝜃(𝑡) are the instantaneous amplitude and instantaneous phase, respectively. 
The IF 𝜔𝑥(𝑡) is the first derivative of 𝜃(𝑡) and, to prevent ambiguities due to phase unwrapping, 
a more stable form can be obtained by 
𝜔𝑥(𝑡) =  
1
2𝜋
 
𝑑𝜃(𝑡)
𝑑𝑡
=  
1
2𝜋
 
𝑥(𝑡)𝑦′(𝑡)  − 𝑥′(𝑡)𝑦(𝑡)
𝑥2(𝑡) +  𝑦2(𝑡)
,                        (4) 
where the prime denotes derivative with respect to time. 
Figure 2.4 illustrates how the cyclicity log detects the changes in depositional sequences 
of two synthetics sedimentary packages. In the typical transgressive-regressive cycle model, 
the bedding thickness shows a thinning upward and then thickening upward pattern (Figure 
2.4a). In this way, the frequency first increases and then decreases towards the top (Figure 2.4b). 
As expected, the regressive-transgressive cycle model shows the opposite behavior for bedding 
thickness and frequency characteristics (Figure 2.4c and 4d). 
 
Figure 2.4. Synthetic noise-free (a-b) Transgressive-regressive and (b-c) Regressive-
transgressive cycle models and the corresponding representative cyclicity logs of each model. 
Black and red lines in the cyclicity logs represent the instantaneous frequency and the mirrored 
version.   
a) b) c) d)
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In real case situations, however, the geological record is usually contaminated by 
unwanted noise, which can make the cyclicity analysis a tough task. The presence of such 
spurious components makes the phase behave erratically, compromising the IF computation 
and, consequently, negatively impacting the cyclicity log (Figure 2.5a-d). To overcome such 
limitation, we can access the multiscale characteristics of the geological record through the 
VMD and improve the SNR. By selecting appropriately the component that better captures the 
signal characteristics and reflects the expected scale of investigation, in this case the IMF1, we 
could recover the transgressive-regressive (Figure 2.5e-f) and regressive-transgressive (Figure 
2.5g-h) patterns of the synthetic model with a good fidelity to the ones mapped in the noise-
free case (Figure 2.4). 
 
Figure 2.5. Comparison of the cyclicity log built from the original synthetic noisy signal and 
from the selected sub-signal obtained through the VMD: (a-b) Transgressive-regressive and (c-
a) b) c) d)
e) f) g) h)
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d) Regressive-transgressive sequences and their cyclicity logs. Note the unsatisfactory results 
of the cyclicity logs due to the noise influence in the input signal. (e-f) Transgressive-regressive 
and (g-h) Regressive-transgressive models, based on the IMF1, which filters out the noise and 
better captures the modeled pattern. 
Because the GR log mostly reflects the variations in lithology and clay-mineral content, 
they are useful to define the sedimentary cycles. Based on that, we applied our multiscale 
analysis approach to analyze the cyclicity characteristics in both time and frequency domains 
as described in Figure 2.6. 
 
Figure 2.6. Flow diagram of the proposed method (VMD + HT) and the expected outcomes in 
both time and frequency domains. 
The exact number of IMFs is an empirical factor and there is no rule-of-thumb for 
defining it. Actually, it must be analyzed according to each case study considering factors such 
as the scale of observation, the degree of smoothness, and SNR. In our case, we obtained 
satisfactory results by decomposing the GR signal into three components. 
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RESULTS AND DISCUSSION 
In this study, we evaluated the sedimentary cyclicity of the Macaé carbonate succession 
from the Campos Basin using GR logs of four wells. Core descriptions or seismic data were not 
available. We investigated two hierarchical orders of cyclicity, which better represent local and 
regional variations throughout the area, covering meter-scale (sub-seismic resolution) and 
hundreds of meters-scale cycles (T-R sequences). We followed the proposals of Azevedo 
(2005) and Silva et al. (2012) to perform the cyclicity analysis, interpreted as transgressive-
regressive (T-R) cycles (Embry and Johannessen, 1992). 
 
Low-Frequency Cycles (LFC) 
In order to better identify long-terms cycles associated with Transgressive-Regressive 
(T-R) sequences, conventional time-domain analysis is carried out to understand the general 
trends in the IMFs (Figure 2.7). 
 
Figure 2.7. Example of the interpretation of the main T-R sequences in the stratigraphic 
succession of the Macaé Group using the signal amplitude spectrum of decomposed modes 
(IMFs) in wells (a) 3-OGX-73-RJS and (b) 1-OGX-36D-RJS. The low-amplitude interval 
corresponds to the Upper Quissamã regressive sequence and has the highest reservoir potential 
in the Macaé Group. 
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The IMF1 holds the main characteristics of the original signal, where similar behavior 
can be observed. Signal amplitude variation of distinct IMFs and their trends highlight three 
major depositional units. These units can be associated with the main sequences in the 
stratigraphic succession of the Macaé Group: Lower Quissamã Transgressive Sequence (TS1); 
Upper Quissamã Regressive Sequence (RS2); and Outeiro Transgressive Sequence (TS3). 
TS1: corresponding to the basal section of the Quissamã Formation, it is characterized 
by strong dolomitization and is associated with tidal flat environments (Spadini et al., 1988; 
Azevedo, 2005). This section is limited to the top by a maximum flooding surface, marked by 
the increase in GR values, and evolves to shallower-water deposits in the Upper Quissamã 
interval. 
RS2: comprises the high-energy carbonates of the upper section of the Quissamã 
Formation and accounts for the producing interval of the Albian carbonate fields in Campos 
Basin. The lower-amplitude oscillations observed in the IMFs of wells 3-OGX-73 (Figure 2.7a) 
and 3-OGX-36D (Figure 2.7b) are associated with minor lithological variations of the Upper 
Quissamã interval, which characterizes a thick high-energy carbonate section. The reservoir 
facies are marked by overall decreasing trends in GR, indicating more porous rocks with lower 
clay content. The upper boundary is given by a transgressive surface and evolves to the open 
marine deposition of the top of the Macaé Group. 
TS3: characterized by lower-energy sediments deposition of the Outeiro Formation, it 
marks the decrease of carbonate production in the basin. The regional transgressive 
sedimentation reflects the drowning of the carbonate platform during the transition from the 
Albian to the Cenomanian. The increment of terrigenous sediments reflects an increasing trend 
in the GR log. Despite the overall increase, this interval is marked by wide oscillations in the 
GR response, reflecting a rhythmic deposition pattern of calcilutites and marls. This lithofacies 
association can be related to variations in the accumulation rate due to changes in carbonate 
production and relative sea level. 
Our interpretation of the sedimentary evolution agrees with previous studies. In a 
regional cyclostratigraphic analysis of the Quissamã Formation, Silva et al. (2012) recognized 
a basal transgressive system tract (transgressive sequence) followed by a highstand system tract 
(regressive sequence) and a transgressive system tract of the Outeiro Formation, bounded by 
regional stratigraphic surfaces (two transgressive surfaces and a maximum flooding surface). 
Duval et al. (1992) and Eichenseer et al. (1999) also observed this depositional architecture in 
the analogous Kwanza Basin, offshore Angola (West Africa), with a transgressive system tract 
of the carbonate ramp just above the salt followed by a highstand system tract. 
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High-Frequency Cycles (HFC)   
The high-frequency cycles comprise meter-scale depositional cycles up to 30 m thick, 
related to vertical facies variation and energy changes in the depositional system. Because the 
IF is more sensitive to the signal variations, the cyclicity log enables the detection of 
sedimentary cyclicity in smaller scale throughout the formation. 
To the definition of the short-term cycles, we used the IMF1 to extract the cyclicity log. 
Such choice is based because of IMF1 preserves the main characteristics of the original signal, 
it is less noisy and highlights the meter-scale cycles that we are interested in. IMF2 and IMF3 
could be used to investigate higher-order cyclicity, but in our case, these IMFs show the 
presence of unwanted noise not assigned to a geological meaning and have low SNR.  
Based on the IMF1-cyclicity log, we divided the Albian interval into transgressive and 
regressive hemicycles (Figure 2.8). The cyclic stacking pattern of the cyclicity log shows a 
thickening upward trend in the Quissamã succession, indicated by cycles of 5-10 meters thick 
at the base and up to 30 meters thick to the top (highlighted in the lower red rectangle in Figure 
2.8a). The Upper Quissamã regressive sequence is formed by a dominant shallowing upward 
(or regressive) hemicycles pattern, a common feature in stable platform settings. This feature 
indicates the predominance of aggradational and/or regressive patterns and is associated with 
carbonate productivity increased at a higher rate than the creation of accommodation space in 
the development of the carbonate platform. Similar to Azevedo (2005), we recognized the 
typical asymmetric funnel-shaped pattern in this interval, reproducing the shallowing-up 
dominance. The cycles are limited by drowning episodes that lead to the abrupt deposition of 
low-energy facies over the shallower facies of the underlying unit. 
Toward the top, in the Outeiro Transgressive Sequence, the predominance of thicker 
deepening-up cycles over the shallowing-up indicates a retrogradational architecture, correlated 
to the beginning of the drowning of the carbonate system. The progressive marine transgression 
marks the deposition of the Outeiro Formation, evidenced by a general thinning upward trend 
in the cyclic pattern (highlighted in the upper red rectangle in Figure 2.8a-b). Because of deeper-
marine conditions associated with increasingly frequent relative sea-level variations, the facies 
association of the carbonate system reflects episodic processes (rhythmic deposition of 
calcilutites and marls).  Due to increased clay content in the system and the cyclical events, this 
sequence shows an increasing trend and wide variations in the GR response. 
36 
 
 
 
Figure 2.8. Vertical stacking distribution of HFC in the Macaé Group for the wells (a) 3-OGX-
73-RJS and (b) 1-OGX-36D-RJS. The vertical arrangement exhibits transgressive-regressive 
stacking pattern and variations in thickness distribution of the hemicycles towards the top of 
the succession. A wide variation in the GR log amplitude is also observed to the top. The IMF1-
cyclicity log is the result of the VMD-HT-based method for detecting HFC and shows good 
correlation with the GR log. 
Figure 2.9 summarizes the joint evaluation of the LFC and HFC defined using the 
proposed method. We can observe that the different patterns detected in the vertical cyclic 
succession of the HFC, including hemicycles thickness variation, are consistent with the 
interpreted T-R sequences obtained by the LFC. The regressive sequence is formed 
predominantly by thicker shallowing upward hemicycles. The transgressive sequences are 
composed of lower thickness hemicycles that reflect the episodic depositional processes, 
prevailing thicker deepening-up hemicycles over the shallowing-up ones.  
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Figure 2.9. The cyclicity log is the end result of the VMD-HT-based method for detecting HFC, 
showing good correlation with the GR log. The vertical stacking distribution of HFC in the 
Macaé Group for wells (a) 3-OGX-73-RJS and (b) 1-OGX-36D-RJS exhibits shallowing- and 
deepening-up hemicycles stacking patterns, consistent with the T-R sequences (LFC). 
Finally, the importance of defining a cycle hierarchy is also observed for purposes of 
regional correlation. In general, the high uncertainty in both, the preservation potential and in 
the distribution of elementary cycles, makes any regional correlation difficult and complex. In 
contrast, when well preserved and laterally continuous, the T-R sequences defined by the long-
term cycles are helpful to establish a stratigraphic correlation and define the main stratigraphic 
sequences and boundaries (Figure 2.10). 
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Figure 2.10.  (a) The results of the T-R sequences (LFC) defined by the analysis of the distinct sub-signals (GR_IMFs) from the VMD. (b) 
Vertical section AA′ through the four wells to illustrate the good stratigraphic correlation for the Macaé succession based on the distribution of 
the T-R sequences, integrated with lithology and well logs (GR, DEN and DTC). 
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CONCLUSIONS 
Cyclicity analysis based on well log data can be very difficult due to the presence of 
superimposed information. In this study, we proposed the VMD as an assisting technique to 
investigate the sedimentary cyclicity of an Albian carbonate succession from the Campos Basin, 
using GR logs. 
We investigated two hierarchical orders of cyclicity for the Macaé interval. First, we 
applied the VMD to GR logs and used the IMFs to identify the long-terms cycles, which were 
associated with T-R sequences. In our study, we decomposed the signal into three IMFs. 
Through the analysis of the IMFs amplitude, we consider that all of them can contribute to 
defining the LFC. However, we found the IMF1 the most appropriated to define the T-R 
sequences, because it better captures the signal trend. By constructing the cyclicity log based 
on IMF1, we highlighted smaller-scale cyclicity within the formation. Because the IF better 
captures the signal variations, the cyclicity log enabled the detection of the high-frequency 
cycles in detail and their associated stacking pattern with good vertical resolution.  
Our findings suggest that the VMD and the associated cyclicity log are a valuable tool 
for semi-automated detection of sedimentary cycles, assisting in the definition of different 
hierarchical orders in the occurrence of superimposed cycles, and investigation of 
heterogeneities in the stratigraphic succession. The proposed method can be applied to support 
reservoir characterization, mainly to evaluate vertical and lateral heterogeneities. The defined 
long-term cycles could be correlated across the study area, which may provide insights to 
predict reservoir characteristics and internal reservoir architectures at a regional scale. 
 
ACKNOWLEDGMENTS 
The authors are grateful to Equinor Brasil Energia and the Brazilian Petroleum Agency 
(ANP) for supporting this research. The Coordenação de Aperfeiçoamento de Pessoal de Nível 
Superior – Brasil (CAPES) is acknowledged for their financial support for this research. We 
also appreciate the software licenses provided by CGG (PowerLog®) and Schlumberger 
(Petrel®). 
 
 
  
40 
 
 
REFERENCES 
Azevedo, R. L. M., 2005, Os ciclos sedimentares e seus significados na formação das 
sequências deposicionais carbonáticas albianas da Bacia de Campos: Brazilian Journal 
of Geology, 35, 127–138. 
Blauth, M., R.T. Faria, A.R. Maul, M. C. Monteiro, M. P. Franco, S. R. R. Carneiro, R. M. 
Oliveira, and P. Tibana, 2012, Workflow for geological characterization and modeling 
of the albian carbonate reservoirs from offshore Campos Basin, Brazil, in N. C. Rosen, 
P. Weimer, S. M. C. dos Anjos, S. Henrickson, E. Marques, M. Mayall, R. Fillon, T. 
D'Agostino, A. Saller, K. Campion, T. Huang, R. Sarg, and F. Schroeder, eds., New 
understanding of the petroleum systems of continental margins of the world, SEPM 
(Society for Sedimentary Geology), 365–380. 
Cainelli, C. and W.U. Mohriak, 1999, Some remarks on the evolution of sedimentary basins 
along the eastern Brazilian continental margin: Episodes, 22, no.3, 206-216. 
Chang, H. K., R. O. Kowsmann, and A. M. F. Figueiredo, 1988, New concepts on the 
development of east Brazilian marginal basins: Episodes, 11, 194–202. 
Coconi-Morales, E., G. Ronquillo-Jarillo, and J. O. Campos-Enríquez, 2010, Multi-scale 
analysis of well-logging data in petrophysical and stratigraphic correlation:  Geofísica 
Internacional, 49, 55–67. 
D’Argenio, B., V. Ferreri, A. Raspini, S. Amodio, and F. P. Buonocunto, 1999, 
Cyclostratigraphy of a carbonate platform as a tool for high-precision correlation: 
Tectonophysics, 315, 357–384. 
Djin Nio, S., J. Brouwer, D. Smith, M. de Jong, and A. Böhm, 2005, Spectral trend attribute 
analysis: applications in the stratigraphic analysis of wireline logs: First Break: 
Petroleum Geology Special Topic, 23, 71–75. 
Dragomiretskiy, K., and D. Zosso, 2014, Variational Mode Decomposition: IEEE 
Transactions on Signal Processing, 62, 531–544. 
Duval, B., C. Cramez, and M. P. A. Jackson, 1992, Raft tectonics in the Kwanza Basin, 
Angola: Marine and Petroleum Geology, 9, 389–404. 
Eichenseer, H. T., F. R. Walgenwitz, and P. J. Biondi, 1999, Stratigraphic control on facies 
and diagenesis of dolomitized oolitic siliciclastic ramp sequences (Pinda Group, 
Albian, offshore Angola): AAPG Bulletin, 18, 1729–1758. 
Embry, A.F. and E.P. Johannessen, 1992, T-R sequence stratigraphy, facies analysis and 
reservoir distribution in the uppermost Triassic-Lower Jurassic succession, western 
41 
 
 
Sverdrup Basin, Arctic Canada, in T.O. Vorren et al., eds., Arctic Geology and 
Petroleum Potential: Norwegian Petroleum Society, Special Publication, Elsevier, 
Amsterdam, 2, 121–146. 
Falkenhein, F. U. H., 1981, Carbonate microfacies and depositional evolution of the Macaé 
Formation (Albian – Cenomanian), Campos Basin, Brazil: Ph.D. dissertation, 
University of Illinois. 
Fischer, A. G., B. D’Argenio, I. P. Silva, H. Weissert, and V. Ferreri, 2004, 
Cyclostratigraphic approach to Earth’s history: an introduction, in B. D’Argenio, A. 
G. Fischer, I. P. Silva, H. Weissert, and V. Ferreri, eds., Cyclostratigraphy: approaches 
and case histories: SEPM (Society for Sedimentary Geology) Special Publication, 81, 
5–13. 
Goldhammer, R. K., P. A. Dunn, and L. A. Hardie, 1990, Depositional cycles, composite sea-
level changes, cycle stacking pattern and the hierarchy of stratigraphic forcing. 
Examples from Alpine Triassic platform carbonates: GSA Bulletin, 102, 535–562. 
Guardado, L. R., L. A. P. Gamboa, and C. F. Lucchesi, 1989, Petroleum geology of the 
Campos Basin, Brazil: A model for a producing Atlantic-type basin, in J. D. Edwards, 
and P. A. Santogrossi, eds., Divergent/Passive Margin Basins: AAPG, 48, 3–80. 
Hardie, L.A., and E. A. Shinn, 1986, Carbonate Depositional environments, modern and 
ancient. Part 3: Tidal flats: Colorado School of Mines Quarterly, 81, 1–74. 
Herbert, T. D., and A. G. Fischer, 1986, Milankovitch climatic origin of Mid-Cretaceous 
black shale rhythms in Central Italy: Nature, 321, 739–743. 
Hilgen, F. J., W. Schwarzacher, and A. Strasser, 2004, Concepts and definitions in 
cyclostratigraphy (second report of the cyclostratigraphy working group), in B. 
D’Argenio, A. G. Fischer, I. P. Silva, H. Weissert, and V. Ferreri, eds., 
Cyclostratigraphy: approaches and case histories: SEPM (Society for Sedimentary 
Geology) Special Publication, 81, 303–305. 
Honório, B. C. Z., R. D. Drummond, A. C. Vidal, A. C. Sanchetta, and E.P. Leite, 2012, Well 
log denoising and geological enhancement based on discrete wavelet transform and 
hybrid thresholding: Energy Exploration & Exploitation, 30, 417–434. 
Huang, N. E., Z. Shen, S. R. Long, M. C. Wu, H. H. Shih, Q. Zheng, N. C. Yen, C. C. Tung, 
and H. H. Liu, 1998, The empirical mode decomposition and the Hilbert spectrum for 
nonlinear and nonstationary time series analysis: Proceedings of the Royal Society A: 
Mathematical Physical and Engineering Sciences, 454, 903–995. 
42 
 
 
James, N. P., 1984, Facies models 7 – Introduction to carbonate facies models: Geoscience 
Canada, 4, 123–136. 
Jingling, X., L. Luofu1, W. Guiwen, S. Jinsong, and Z. Chunhua, 2009, Geophysical methods 
for the study of sedimentary cycles: Petroleum Science, 6, 259–265. 
Kadkhodaie, A., and R. Rezaee, 2017, Intelligent sequence stratigraphy through a wavelet-
based decomposition of well log data: Journal of Natural Gas Science and 
Engineering, 40, 38–50. 
Kendall, C., and W. Schlager, 1981, Carbonates and relative changes in sea level: Marine 
Geology, 44, 181–212. 
Kerans, C., and S. W. Tinker, 1997, Sequence stratigraphy and characterization of carbonate 
reservoirs: SEPM (Society of Sedimentary Geology) Short Course Notes, 40. 
Lehrmann, D. J., and R. K. Goldhammer, 1999, Secular variation in parasequence and facies 
stacking patterns of platform carbonates: A guide to application of stacking pattern 
analysis in strata of diverse ages and settings, in P. M. Harris, A. H. Saller, and J. A. 
Simo, eds., Advances in carbonate sequence stratigraphy: Applications to outcrops, 
reservoirs and models: SEPM (Society for Sedimentary Geology) Special Publication, 
63, 87–225. 
Li, F., T. Zhao, Y. Zhang, and K. J. Marfurt, 2016, VMD based sedimentary cycle division for 
unconventional facies analysis: Unconventional Resources Technology Conference 
(URTeC), Expanded Abstracts, 1311–1319. 
Li, F., B. Zhang, R. Zhai, H. Zhou, and K. J. Marfurt, 2017, Depositional sequence 
characterization based on seismic variational mode decomposition: Interpretation, 5, 
97–106. 
Li, X., and Y. Guo, 2013, Application of activity and wavelet analysis on well logging 
sedimentary cycle division: Open Journal of Geology, 3, 62–65. 
Liu, W., S. Cao, and Y. Chen, 2016, Applications of variational mode decomposition in 
seismic time-frequency analysis: Geophysics, 81, no. 5, V365–V378. 
Liu, W., S. Cao, Z. Wang, X. Kong, and Y. Chen, 2017, Spectral decomposition for 
hydrocarbon detection based on VMD and Teager–Kaiser energy: IEEE Geoscience 
and Remote Sensing Letters, 14, 539–543. 
Liu, Y., G. Yang, and W. Cao, 2015, The division of sedimentary cycle based on HHT: 85th 
Annual International Meeting, SEG, Expanded Abstracts, 1902–1906. 
43 
 
 
Mancini, E. A., and M. Puckett, 2002, Transgressive–regressive cycles in Lower Cretaceous 
strata, Mississippi Interior Salt Basin area of the Northeastern Gulf of Mexico, USA: 
Cretaceous Reservoir, 23, 409–438. 
Mohriak, W., M. Nemčok, and G. Enciso, 2008, South Atlantic divergent margin evolution: 
Rift-border uplift and salt tectonics in the basins of SE Brazil: Geological Society, 
Special Publications, 294, 365–398. 
Okubo, J., R. Lykawka, L. V. Warren, J. Favoreto, and D. Dias-Brito, 2015, Depositional, 
diagenetic and stratigraphic aspects of Macaé Group carbonates (Albian): Example 
from an oilfield from Campos Basin: Brazilian Journal of Geology, 45, 243–258. 
Perlmutter, M. A., and N. C. Azambuja Filho, 2005, Cyclostratigraphy, in E. A. M. 
Koutsoukos, ed., Applied stratigraphy, topics in geobiology: Springer, 23, 301–338. 
Prokoph, A., and F. Barthelmes, 1996, Detection of nonstationarities in geological time series: 
Wavelet transform of chaotic and cyclic sequences: Computers and Geosciences, 22, 
1097–1108. 
Prokoph, A., and F. P. Agterberg, 1999, Detection of sedimentary cyclicity and stratigraphic 
completeness by wavelet analysis: An application to Late Albian cyclostratigraphy of 
the Western Canada Sedimentary Basin: Journal of Sedimentary Research, 69, 862–
875. 
Prokoph, A., and F. P. Agterberg, 2000, Wavelet analysis of well-logging data from oil source 
rock, Egret Member, offshore Eastern Canada: AAPG Bulletin, 84, 1617–1632. 
Rivera, N., S. Ray, J. L. Jensen, A. K. Chan, and W. B. Ayers, 2004, Detection of cyclic 
patterns using wavelets: An example study in the Ormskirk Sandstone, Irish Sea: 
Mathematical Geology, 36, 529–543. 
Sarg, J. F., 1988, Carbonate sequence stratigraphy, in C. K. Wilgus, B. S. Hastings, C. 
Kendall, H. W. Posamentier, C. A. Ross, and J. C. Van Wagoner, eds., Sea level 
changes - An integrated approach: SEPM (Society for Sedimentary Geology) Special 
Publication, 42, 155–182. 
Schlager, W., 2005, Carbonate sedimentology and sequence stratigraphy: SEPM (Society for 
Sedimentary Geology): Concepts in sedimentology and paleontology, 8. 
Schlager, W., J. J. G. Reijmer, and A. Droxler, 1994, Highstand shedding of carbonate 
platforms: Journal of Sedimentary Research, 64, 270–281. 
Schwarzacher, W., 1975, Sedimentation models and quantitative stratigraphy: Developments 
in Sedimentology, 19. Elsevier, Amsterdam, 382p. 
44 
 
 
Schwarzacher, W. 1993. Cyclostratigraphy and the Milankovitch Theory: Elsevier: 
Developments in Sedimentology, 52. 
Silva, O. B., P. R. Santos, L. B. Caixeta, C. Ribeiro, and P. Barros, 2012, Main trap models of 
OGX’s oil discovery from Albian/Cenomanian carbonate reservoirs - Cabo Frio High, 
Southern Campos Basin, in N. C. Rosen, P. Weimer, S. M. C. dos Anjos, S. 
Henrickson, E. Marques, M. Mayall, R. Fillon, T. D'Agostino, A. Saller, K. Campion, 
T. Huang, R. Sarg, and F. Schroeder, eds., New understanding of the petroleum 
systems of continental margins of the world, SEPM (Society for Sedimentary 
Geology), 347–364. 
Spadini, A. R., 1992, Processos deposicionais e ciclicidade em carbonatos albianos da 
plataforma rasa da Bacia de Campos: Master thesis, Universidade Federal do Rio de 
Janeiro. 
Spadini, A. R., F. R. Esteves, D. Dias-Brito, R. L. M. Azevedo, and R. Rodrigues, 1988, The 
Macaé Formation, Campos Basin, Brazil: Its evolution in the context of the initial 
history of the South Atlantic: Brazilian Journal of Geology, 18, 261–272. 
Spence, G. H., and M. E. Tucker, 2007, Proposed integrated multi-signature model for 
peritidal cycles in carbonates: Journal of Sedimentary Research, 77, 797–808. 
Strasser, A., B. Pittet, H. Hillgartner, and J. B. Pasquier, 1999, Depositional sequences in 
shallow carbonate-dominated sedimentary systems: Concepts for a high resolution 
analysis: Sedimentary Geology, 128, 208–221.  
Tucker, M. E., and J. Garland, 2010, High-frequency carbonate cycles and their sequence 
stratigraphic context: Orbital forcing and tectonic controls on Devonian cyclicity in 
Belgium: Geologica Belgica, 13, 213–240. 
Wang Y., F. Liu, Z. Jiang, S. He, and Q. Mo, 2017, Complex variational mode decomposition 
for signal processing applications: Mechanical Systems and Signal Processing, 86, 75–
85. 
Weedon, G. P., 2003, Time-series analysis and cyclostratigraphy: Cambridge University 
Press. 
Wilson, J. L., 1975, Carbonate facies in geologic history: Springer-Verlag. 
Winter, W. R., R. J. Jahnert, and A. B. França, 2007, Bacia de Campos: Boletim de 
Geociências da Petrobras, 15, 511–529. 
45 
 
 
Xu, Z., B. Zhang, F. Li, G. Cao, and Y. Liu, 2018, Well-log decomposition using variational 
mode decomposition in assisting the sequence stratigraphy analysis of a conglomerate 
reservoir: Geophysics, 83, no. 4, B221–B228. 
Yang, W., M. A. Kominz, and R. P. Major, 1998, Distinguishing the roles of autogenic versus 
allogenic processes in cyclic sedimentation, Cisco Group (Virgilian and 
Wolfcampanian), North-Central Texas: GSA Bulletin, 110, 1333–1353. 
Zhao, N., and R. Li, 2015, EMD method applied to identification of logging sequence strata: 
Acta Geophysica, 63, 1256–1275.  
 
  
 
  
46 
 
 
3. INTEGRATED RESERVOIR AND STRATIGRAPHIC 
CHARACTERIZATION BASED ON SEDIMENTARY CYCLICITY 
ANALYSIS OF A PRE-SALT LACUSTRINE RESERVOIR FROM 
THE SANTOS BASIN, OFFSHORE BRAZIL 
Leandro H. Melani, Ulisses M.C. Correia, Bruno C.Z. Honório, Alexandre C. Vidal 
To be submitted to a peer-reviewed journal 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
47 
 
 
INTEGRATED RESERVOIR AND STRATIGRAPHIC CHARACTERIZATION 
BASED ON SEDIMENTARY CYCLICITY ANALYSIS OF A PRE-SALT 
LACUSTRINE RESERVOIR FROM THE SANTOS BASIN, OFFSHORE BRAZIL 
 
ABSTRACT 
Lacustrine deposits are very dynamic systems, mostly influenced by climatic changes, which 
often hamper attempts to reconstruct the evolution of depositional systems. High-resolution 
stratigraphic analysis provides information about the paleoenvironmental changes, which is 
critical for the investigation of the depositional and stratigraphic evolution. The Lower 
Cretaceous pre-salt reservoirs show expressive hydrocarbon accumulations along the South 
Atlantic margins, and these have been attracting major interest to understand the evolution of 
the lacustrine carbonate reservoirs. In this work, we apply a spectral-analysis-based method to 
well log data so as to assist the detection of sedimentary cyclicity and investigate the local 
stratigraphic evolution of an Aptian pre-salt lacustrine carbonate reservoir of the Barra Velha 
Formation, from the Santos Basin, offshore Brazil. In addition, this method also assisted in the 
analysis of the associated control in the distribution of the reservoir properties. Based on 
spectral gamma-ray logs, we identified three hierarchical orders of cyclicity (high-, medium-, 
and low-frequency cycles). The high-frequency cycles are meter-scale cycles related to local 
lake-level variations, forming the basis for the definition of larger-scale cycles. The medium-
frequency cycles enabled us to identify three sequences for the sag interval: Lower Sag, Upper 
Sag I and II. The low-frequency cycles aided us in the definition of two major units also 
recognized in the seismic data, Lower and Upper Sag, separated by a regional unconformity. 
Notably, these units show reasonable control in the distribution of the porosity and 
permeability. Therefore, the analysis of sedimentary cyclicity was a valuable tool to detect 
environmental changes in the depositional settings, which enabled the characterization of a 
local stratigraphic evolution for the study area, directly influencing the distribution of reservoir 
properties within the sag interval. This analysis may also contribute to improving the reservoir 
quality prediction, and therefore the reservoir performance. 
 
Keywords: Lacustrine carbonates, Brazilian pre-salt, Reservoir Stratigraphy, Santos Basin, 
Sedimentary cyclicity. 
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INTRODUCTION 
The heterogeneity of carbonate lacustrine reservoirs poses many challenges in terms of 
the complexity in facies distribution and the wide variation of reservoir properties, particularly 
for the characterization of the Brazilian pre-salt reservoirs (Dupraz et al., 2009; Sartorato, 
2018).  
The cyclic pattern of the sedimentary record yields valuable information on the response 
of paleoenvironmental and sedimentological processes to support climatic variations in 
lacustrine strata in terms of relative humidity and seasonality (Kominz and Bond, 1990; 
Weedon, 2003; Abels et al., 2009). The systematic analysis of sedimentary cyclicity has been 
applied as an effective approach for the definition of stratigraphic and petrophysical (porosity 
and permeability) spatial relations (e.g. Lucia, 1999; Ward et al., 2003; Cunningham et al., 
2006). 
Previous studies have attempted to understand the depositional system, sedimentary 
processes, and stratigraphic evolution related to the Aptian pre-salt deposits (e.g. Wright and 
Barnett, 2015; Ceraldi and Green, 2016; Saller et al., 2016; Poros et al., 2017; Farias, 2018; 
Wright and Rodriguez, 2018). In this context, the aspects of sedimentary cyclicity in these 
lacustrine carbonates and the role of diagenetic processes, which affects the reservoir 
characteristics, have been addressed by several researchers. 
Freire (2012) and Guimarães (2014) described cyclic sedimentation in different orders in 
the Yacoraite Formation (Balbuena Supersequence, Salta Basin, Argentina), which is 
considered a potential analog to the pre-Salt reservoirs. 
Wright and Barnett (2014; 2015; 2017) proposed that the lacustrine carbonates of the 
Barra Velha Formation, from the Santos Basin, are typically arranged in cyclothems, interpreted 
as transgressive-regressive cycles, linked to lake-level changes and water geochemistry. Many 
authors have referred to the cyclical pattern of these carbonates as a direct response to the lake-
level oscillations, essentially induced by climatic conditions (Szatmari and Milani, 2016; Faria 
et al., 2017; Tanaka et al., 2018; Farias, 2018). 
Farias (2018) described small-scale facies alternation, controlled by water level variations 
and influenced by the local climate for the carbonates of the Barra Velha Formation, which 
form several depositional cycles on a larger-scale. Sartorato (2018) established a facies-stacking 
pattern, which is mainly controlled by the water balance of the lake (dry and wet periods). 
Artagão (2018) observed that the lacustrine dynamics controlled the organization of these 
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deposits, conditioned by climatic oscillations, with progressive shallowing and increase in the 
alkalinity of the lake during dry periods.  
Dos Santos et al. (2013) described the highly cyclic pattern (influenced by changes in the 
lake-level and paleo-geography), vertical heterogeneity (highly variable porosities) and strong 
influence of diagenetic processes as common characteristics to the reservoirs of the Barra Velha 
Formation. According to the authors, the understanding between the different hierarchical 
orders of cyclicity is a key factor to constrain the reservoir behavior, considering that the low-
frequency cycles (tectonic control) impact in episodic hydrothermal springs and late diagenesis, 
while the high-frequency cycles (climatic control) impact in depositional facies and early 
diagenesis overprints. 
Simo et al. (2018) reported that the vertical and lateral distribution of key lacustrine facies 
define the carbonate cyclicity, while depositional controls and diagenetic processes define the 
reservoir properties. Herlinger Jr. et al. (2017), Poros et al. (2017), De Luca et al. (2017) and 
Lima and De Ros (2019) mentioned the impact of diagenetic processes on the porosity and 
permeability, thus increasing the reservoir heterogeneity. 
The gamma-ray (GR) log has been used for cyclostratigraphic analyses to recognize 
cycle-stacking patterns, as it often indicates clay content variation (Rider and Kennedy, 2011; 
Muniz and Bosence, 2015). However, the spectral gamma-ray provides detailed information on 
paleoclimatic changes (Ruffell and Worden, 2000), as it records the relative contribution of 
potassium (K), thorium (Th) and uranium (U). 
Spectral analysis methods have been applied to well log data as a valuable tool to assess 
the frequency content of geological time-series, which enables filtering out noise or the 
interference of less representative components (Li et al., 2017). Among several methods, such 
as Fourier and wavelet transforms (e.g. Schwarzacher, 1993; Prokoph and Agterberg 2000), the 
variational mode decomposition (VMD) (Dragomiretskiy and Zosso, 2014) emerged as a more 
robust data-driven signal decomposition technique to assist detailed sedimentary cyclicity 
analyses (Xu et al., 2018). 
In this way, we applied the VMD, combined with the Hilbert Transform (HT), to assist 
the detection of sedimentary cyclicity in different hierarchical orders of an Aptian pre-salt 
succession of the Barra Velha Formation, Santos Basin, offshore Brazil. The objective was to 
investigate the local stratigraphic evolution, integrating well log and 3D seismic data. This 
provides insights on the associated control of the reservoir stratigraphic in the distribution of 
reservoir properties. 
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GEOLOGICAL SETTINGS 
The study area is located in the outer high of the Santos Basin, along the Brazilian 
southeastern margin, about 300 km south off the coast of Rio de Janeiro, in water depths of 
approximately 2,200 m. The studied interval covers the pre-salt lacustrine carbonates of the 
Barra Velha Formation, in depths greater than 5,200 m. The area consists of an NW-trending 
elongated structural high, limited by normal faults (Figure 3.1).  
The pre-salt carbonate reservoirs were deposited on structural basement highs within an 
extensive lake system, which developed during the Barremian-Aptian on both sides of the 
conjugate South Atlantic margins (Poros et al., 2017). The lake system is characterized by a 
closed-lacustrine environment, protected from marine influence and affected by hydrothermal 
activity, as a result of complex extensional tectonics within a volcanic province, with horsts and 
grabens controlled by normal faults and thermal subsidence  (Wright and Barnett, 2015; Farias, 
2018; Simo et al., 2019). 
The  Barra Velha Formation (Aptian age) marks the beginning of the sag phase in the 
Santos Basin, deposited under a tectonic regime of limited fault activity, with dominant thermal 
subsidence (Figure 3.2). This sequence is dominated by lacustrine carbonates deposited in an 
endorheic shallow-water alkaline lacustrine environment, under hypersaline conditions and 
high evaporation rates (Carvalho et al., 2000; Wright and Barnett, 2017; Farias, 2018). 
The main facies described are laminites and in-situ or reworked shrubs and spherulites, 
which indicate shallowing and deepening periods (Dos Santos et al., 2013; Wright and Barnett, 
2015). Authigenic Mg-silicates, such as stevensite, may occur associated with carbonate facies 
and indicate highly alkaline conditions (Saller et al., 2016). The lower and upper limits of the 
Barra Velha Formation are marked by the Pre-Alagoas unconformity and the deposition of the 
thick evaporitic sequence of the Ariri Formation, respectively. Internally, the formation is 
divided by the Intra-Alagoas unconformity, which separates the informally defined Upper and 
Lower Barra Velha (Moreira et al., 2007). 
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Figure 3.1 Location map of the study area and the available wells, in the outer high of the 
Santos Basin, along the Brazilian southeastern margin (modified from Mohriak et al., 2008). 
 
 
Figure 3.2 Simplified stratigraphic framework of the Santos Basin. The studied interval is 
highlighted in gray (modified from Moreira et al., 2007).  
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DATABASE 
The dataset used in this work comprises wireline logs from three wells located in the outer 
high of the Santos Basin, which include conventional logs, such as gamma-ray (GR), sonic 
(DT), density (DEN), neutron (NEU), photoelectric factor (PEF) and resistivity (RES), spectral 
gamma-ray, nuclear magnetic resonance (NMR), and borehole image (BHI) logs. A 3D seismic 
survey, covering approximately 120 km2, was used to support the spatially limited borehole 
data. The lack of core data is an important limitation to be considered. For confidentiality 
reasons, the wells were named A, B, and C. 
 
METHODS 
The workflow applied for the stratigraphic characterization includes the following steps: 
a) Definition of different hierarchical orders of sedimentary cyclicity, and its vertical 
stacking pattern, based on spectral gamma-ray (GR) and sonic logs, which are useful 
to reproduce cyclicity patterns and for well log correlation (Muniz, 2013). For the 
detection of the sedimentary cyclicity, we applied a spectral-analysis based method 
on spectral GR logs in order to identify the periodicity and, then, we generated a 
cyclicity log to highlight the cycles. The 3D seismic data supported the analysis.  
b) Analysis of lateral correlation of the defined sequences across the area, based on well 
logs, vertical stacking pattern of the sedimentary cycles, and 3D seismic data. 
c) Characterization of the local stratigraphic framework, associated with 
paleoenvironmental changes. 
d) Investigation of the stratigraphic control in the distribution of the reservoir properties. 
This analysis was based on the evaluation of porosity and permeability quality, 
integrating conventional logs (GR, DT, DEN, NEU, PEF, and RES), NMR, BHI and 
core plug data. The NMR log was the basis for porosity and permeability estimation, 
while the mercury injection capillary pressure (MICP) analysis provided information 
about the distribution of different scales of porosity (micro, meso, and macro). The 
BHI log was used to investigate the occurrence of fractures and dissolution features. 
 
Spectral Gamma-Ray Logs 
In carbonate-dominated environments, Th and K, essentially contained in the detrital 
grains, may be used to characterize variations in clay content, while U is limited as a lithological 
indicator (Myers and Wignall 1987; Veen and Postma, 1996). Therefore, the corrected gamma-
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ray (CGR) log, a uranium-free GR curve, is more suitable to recognize sedimentary cyclicity 
as it reflects variations in lithology and clay content, mostly controlled by paleoclimatic 
changes. We used the spectral gamma-ray log to support the stratigraphic correlation and the 
CGR log to analyze the sedimentary cyclicity, thus removing radiation not associated with the 
clay content.  
 
Cyclicity Log 
To improve the detection of sedimentary cycles, we applied a multiscale spectral analysis-
based method that combines Variational Mode Decomposition (VMD) (Dragomiretskiy and 
Zosso, 2014) and Hilbert Transform (HT) to assess the time-frequency characteristics of the 
well log signal. In particular, we used the VMD to decompose the well log signal into band-
limited components that can be related to different orders of cyclicity, embedded in the 
geological record. We then used the Hilbert transform (HT) to obtain the instantaneous 
frequency of each component and build the cyclicity log to highlight the sedimentary cycles 
(Liu et al., 2015). This method was applied to spectral GR logs, improving the recognition of 
short-term cycles (Figure 3.3). 
 
Figure 3.3 Example of the application of the VMD method showing the (a) synthetic signal 
and the resulting decomposed components of the original signal - (b) low-, (c) middle-, and (d) 
high-frequency components. (e) Transgressive-regressive cycle model and the corresponding 
(f) cyclicity log obtained from the mirrored version of their instantaneous frequency.  
 
 
 
a) e)b) c) d) f)
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Cyclicity Hierarchy 
We established three hierarchical orders of cyclicity, defined from small to large-scale 
sequences as high- (HFC), medium- (MFC), and low-frequency cycles (LFC). No timescale 
was assigned to any of the hierarchical orders, which are directly related to the magnitude of 
the cycles (thickness). The analysis mainly focused on the distribution of clay minerals, related 
to variations in the lacustrine depositional environment. The individualized sequences were 
interpreted as transgressive-regressive (T-R) cycles (Embry and Johannessen, 1992), following 
the interpretation adopted by Muniz (2013) and Wright and Barnett (2014). According to Muniz 
(2013), this approach is the most suitable because it can be interpreted from the continuous well 
logs. 
 
INTEGRATED RESERVOIR AND STRATIGRAPHIC CHARACTERIZATION  
Sedimentary Cyclicity Analysis  
The high-frequency cycles (HFC) comprise meter-scale vertical facies variation related 
to local lake-level fluctuations. These cycles, detected with the support of spectral-analysis 
based method and interpreted as T-R cycles, are considered the basic unit to characterize the 
carbonate succession in this paper.  
The typical basic cycle interpreted in the succession reflects an initial transgressive phase, 
composed of finer-grained low-energy facies, marked by an increase of CGR values, overlain 
by a regressive phase, comprising coarsening-upward high-energy facies, marked by a decrease 
of CGR values, which generally indicates a decrease in the clay mineral content (Figure 3.4a). 
The complete T-R high-frequency cycle is usually characterized by basal laminites followed by 
spherulites and/or shrub-dominated lithologies to the top, reflecting the gradual decrease of the 
lake-level. 
This vertical pattern recognized for the T-R high-frequency cycles, observed in the CGR 
and image logs, is similar to those described by Wright and Barnett (2015) and Ceraldi and 
Green (2016) for pre-salt successions.  
Wright and Barnett (2015; 2017) proposed small-scale (typically sub-dekameter) T-R 
cycles from the Barra Velha Formation in the Santos Basin (Figure 3.4b). The evolution of the 
cyclothems is defined by three main facies, from the base to the top: (III) laminated finer-
grained detrital limestones, representing a flooding phase and deeper lake-level, suggesting 
lower energy environments; (II) spherulite-dominated facies with Mg-silicates clays or traces 
of former Mg-silicate matrices, representing evaporation and decrease in lake-level, which 
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triggered Mg-silicate precipitation; and, in the upper parts, (I) in-situ and/or re-worked shrub-
dominated facies. Wright and Barnett (2014) interpreted these facies succession, controlled by 
the evolution of lake chemistry, associated with fluctuations in the lake-level and energy 
changes. Ceraldi and Green (2016) interpreted the cycles in terms of changes in accommodation 
space and lake chemistry. 
 
Figure 3.4 (a) Example of T-R elementary (beyond the scope of this study for the whole 
interval) and high-frequency cycles recognized in the studied area, indicating the vertical 
stacking of the main facies on ultrasonic borehole image log and the associated CGR pattern 
respective to T-R trend. The increase of CGR value corresponds to finer-grained facies while 
the decrease to coarser-grained carbonate facies in the BHI log. (b) Schematic cycle of the Barra 
Velha Formation comprising the three main facies (modified from Wright and Barnett, 2015). 
The thickness variation of the HFC can be caused by rapid changes in the lake-level. 
Despite the irregular thickness and, occasionally, incompleteness toward the top of the 
succession due to erosion, the vertical stacking pattern of the HFC, in terms of thinning or 
thickening upward, form the basis for the definition of the larger-scale cycles. 
The MFC, ranging from dekametric to hundred-meter scales, are mainly controlled by the 
influence of major climate variations and fluctuations in the water level, reflecting dry and 
humid periods, which was observed by Guimarães (2014) in the study of a pre-salt analogous 
system.  
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More humid periods are suggested to develop the transgressive phase of the MFC. These 
are associated with a progressive increase in the lake-level, decline in carbonate production, 
and greater input of clay mineral/terrigenous sediments, which is marked by an increase in the 
CGR values. This phase is related to a thickening upward pattern of the transgressive portion 
of the high-frequency cycles. Arid periods are more favorable to the development of the 
regressive phases, characterized by a gradual decrease of the lake-level, where carbonate 
production took place in higher-energy conditions, leading to a major accumulation of 
carbonate facies and a reduced input of sediments in the lake. This period is initially marked by 
a larger accommodation space, gradually reduced due to carbonate sedimentation and higher 
evaporation rates, which may occasionally cause subaerial exposure features. The HFC pattern 
shows commonly better-developed regressive hemicycles and thinner transgressive 
(Guimarães, 2014). 
Based on the T-R MFC, and supported by the well log patterns, three major sequences 
were identified for the sag interval: Lower Sag and Upper Sag I and II (Figure 3.5). 
The Lower Sag sequence (basal) is characterized by two T-R cycles, typically with greater 
development of the transgressive phase. This basal sequence is dominated by laminites and, 
despite the lower values of GR, presents the highest values of CGR and, in general, sonic log. 
The higher CGR values are associated with increased input of terrigenous clays. This higher 
clay content may also have influenced the increase of neutron log values related to the bound 
water in the clays. The CGR and density logs show a gradually decreasing trend toward the top 
of the succession, while sonic log increases upward. 
The Upper Sag I sequence (intermediate), characterized by a complete T-R cycle, is 
marked by a decrease in the CGR values, associated with a decrease in clay content, but 
significant increase in the GR readings related to a major contribution of Uranium. A regional 
uranium anomaly is observed from GR log. Lower values of the sonic log are observed, which 
can be caused by partly cemented or silicified zones. 
The Upper Sag II sequence (top) is also characterized by a complete T-R cycle, with 
greater development of the regressive phase. This sequence shows lower values of CGR and 
GR (decrease in uranium content) compared to the Upper Sag I. The Well C is distinguished 
by exhibiting a considerable increase of CGR values in the uppermost part of the sequence. The 
sonic log shows higher average values, while the density log decreases. 
The analysis of the spectral GR log was critical to recognize the sequences, particularly 
the CGR log, which can be associated with the distribution of clay minerals throughout the 
57 
 
 
formation. As observed, the basal sequence indicates the major occurrence of clay minerals by 
the highest values of CGR log. A significant decrease in the CGR log marks the transition 
between the Lower Sag and the Upper Sag sequences. Following the basal sequence, there is a 
progressive decrease of CGR toward the top, associated with an increase in carbonate content. 
The uranium content was also important, showing a significant increase from the Lower to 
Upper sequences, and highest values defining a regional anomaly in the Upper Sag (Table 3.1). 
 
Figure 3.5 Interpretation of the stacking pattern of T-R MFC for Wells (a) B and (b) C, 
integrated with the superimposed HFC and spectral GR logs, which are the basis for the 
definition of the proposed stratigraphic subdivision for the sag interval into three main 
sequences. Spectral GR logs show the distribution of thorium and potassium (CGR; track 4) 
and uranium (track 5). 
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Table 3.1 The mean values of total gamma-ray (GR), uranium (U) and corrected gamma-ray 
(CGR – potassium and thorium content) according to the defined stratigraphic sequences in the 
studied interval. 
 
The MFC are grouped into low-frequency cycles (LFC), with hundreds of meter-scale, 
providing a link between the hierarchical orders of cyclicity (Figure 3.6). The stacking pattern 
of the LFC is related to paleoenvironmental changes and may also be assigned to tectonic 
controls, associated with variations in subsidence rate (Artagão, 2018). These larger-sequences 
are related to basin evolution and creation of accommodation space for the deposition of pre-
salt sequences (Muniz, 2013).  The LFC define two large-scale units: Lower and Upper Sag. 
The Lower Sag unit is associated with deeper lake-level, represented by the higher thickness of 
the transgressive phase in the MFC. The Upper Sag unit reflects the decrease of the lake-level, 
represented by progressive thinning upward of the transgressive phase in the MFC. These units, 
defined by the LFC, can also be recognized in the seismic scale, associated with changes in the 
depositional pattern and bounded by regional unconformities. 
The study area is located on a broad paleotopographic high, limited by high-angle normal 
faults. Based on seismic interpretation, three main horizons were interpreted: (H1) top rift, a 
strong positive seismic reflection that marks the base of the Barra Velha Formation; (H2) Intra-
Alagoas unconformity, a major regional unconformity throughout the basin characterized by a 
positive high-amplitude reflection, which represents the top of the Lower Sag unit; (H3) base 
salt, a regional erosive unconformity characterized by a strong positive and high-amplitude 
reflection that marks the top of the Barra Velha Formation  (Figure 3.7a and 7b) (Moreira et al., 
2007). 
Total GR (API) U (API) CGR (API)
(Mean  ± SD) (Mean  ± SD) (Mean  ± SD)
Upper Sag II 51.40 ± 26.23 44.58 ± 25.57 6.41 ± 4.15
Upper Sag I 61.80 ± 30.48 52.50 ± 29.99 6.81 ± 3.52
Lower Sag 37.29 ± 11.39 24.74 ± 9.88 12.42 ± 4.96
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Figure 3.6 Hierarchical orders of T-R cycles defined for the studied interval for Wells (a) B 
and (b) C. The vertical stacking pattern of the different orders of cyclicity is mainly reflected 
by the variation of CGR and DT logs, considering different scales of investigation. The T-R 
MFC enabled the stratigraphic subdivision into three main sequences. The T-R LFC show a 
basal transgressive phase, associated with higher CGR values, followed by a regressive phase, 
marked by lower CGR values. 
These stratigraphic surfaces subdivide two main units in the sag succession, correlated to 
the units defined by the interpretation of the large-scale cycles, using the wireline logs, and 
sequences K44 and K46-K48 from Moreira et al. (2007). The Lower Sag unit comprises a set 
of continuous reflections varying from parallel to subparallel. The lateral change in thickness 
characterizes this sequence with significant thinning toward some of the main faults. In the 
Upper Sag unit, there is a distinction between the mounded regions and the relatively flat sides, 
off the mounded regions. The mounded regions, with a higher degree of fracturing and faulting, 
in particular on the cusp of the drilled mounded structures, is characterized by abrupt changes 
and a discontinuous reflection pattern, along with a low-frequency and chaotic seismic 
character. Whereas, off the mounded regions, there is a dominant continuous and high-
amplitude reflection pattern, which make them possible to follow over the study area. 
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Figure 3.7 (a) Seismic cross-section (WSW-ENE) illustrating the Barra Velha Formation 
(Upper and Lower Sag), the mound-shaped morphology and the normal faults. (b) Schematic 
cross-section illustrating the main mound structure drilled by Well B, with a higher degree of 
faulting and distinct seismic reflection pattern. (c) A simplified chronostratigraphic chart 
highlighting the pre-salt carbonate succession of the Barra Velha Formation and the correlation 
with the interpreted seismic horizons (modified from Moreira et al., 2007). 
The regional correlation of the sequences was also evaluated throughout the studied area. 
The uncertainty in the preservation and irregular distribution of the high-frequency cycles 
makes any regional correlation difficult. On the other hand, the larger-scale cycles (MFC and 
LFC) could be correlated across the area, due to their consistency and lateral continuity, 
corroborated by the seismic interpretation.  
A well section throughout the three wells shows the defined stratigraphic framework for 
the Sag interval based on the cyclicity analysis (Figure 3.8). The well section indicates, in 
general, a thinning of the sedimentary section toward the southeast. Wells A and B show similar 
thickness for the Lower Sag (more than 220 m) and Upper Sag (about 330 m) units. Well C, 
located approximately 5300 m southeast from Wells A and B, shows a decrease in thickness 
for both stratigraphic units (about 160 m and 175 m for the Lower and Upper Sag, respectively). 
The thickness variation of the Upper Sag unit is probably related to the development of the 
carbonate mounds. Wells A and B, drilled in the same mound structure, show relatively 
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significant thickness for the Upper Sag unit, which evidences greater development of the 
carbonate mound. Well C, although drilled in a similar mound structure, shows a considerable 
lower thickness of the upper unit, which, in turn, indicates a less developed mound structure. 
 
Figure 3.8 Well section throughout Wells A, B, and C flattened at the base salt (Top Lower 
Sag). The larger-scale cycles were considered for well correlation, indicating good lateral 
continuity of the main sequences across the area. The stratigraphic correlation indicates a 
variation in reservoir thickness with a southeastward thinning of the sequences. 
The local stratigraphic evolution associated with lower-frequency cycles, comprising 
Lower and Upper Sag units, suggests lower frequency environmental changes in the lacustrine 
depositional system, mainly controlled by paleomorphology and lake-level variations. 
The Lower Sag unit, related to sequence K44 (Moreira et al., 2007), shows finer-grained 
facies, indicating more humid climate period and deeper lacustrine lower-energy environments. 
This unit has been interpreted as a transgressive sequence (De Luca et al., 2017), dominated by 
laminated carbonate facies, and limited by the Intra-Alagoas regional unconformity. 
The Upper Sag unit (US I and II), related to sequence K46-48 (Moreira et al., 2007), is 
characterized by a lower content of terrigenous sediments and higher productivity of carbonate 
components, expressed in lower values of CGR log, indicating a more arid climate period and 
progressively shallower lacustrine higher-energy environments. This unit is interpreted as a 
regressive sequence, mainly comprised by in-situ or reworked spherulites, associated with Mg-
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clays, and shrub-limestones facies. The upper limit is given by the evaporites of the Ariri 
Formation. 
This predictive stratigraphic framework is in accordance with Arienti et al. (2018), which 
identified three 3rd order sequences for the Barra Velha Formation, related to sequences K44 
and K46-48 (Moreira et al., 2007), and recognized different architectural styles for each 
sequence, associated with variations on structural control, environment energy, water chemistry 
and water depth. 
 
Reservoir Properties Distribution 
The stratigraphic evolution exerted an important control on reservoir quality and can be 
used to improve the understanding of the distribution of the reservoir properties in the Sag 
interval (Figure 3.9a), which is characterized by strong diagenetic processes, resulting in a very 
complex and highly variable pore system. Fractures and vuggy features also add complexity to 
this investigation.  
The lower sag unit, representative of the transgressive phase defined by the LFC, shows 
the lower reservoir quality, comprising mostly laminite facies related to a deeper lacustrine 
environment. Despite the reasonable porosity index, the average permeability is fairly low. 
Within this unit, zones with higher poro-perm values are associated with the regressive phases 
defined by the MFC. This unit is characterized by higher content of finer-grained facies, 
significant microporosity and the near absence of fractures and vuggy features. 
The upper sag unit represents the regressive phase defined by the LFC, with low clay 
content. This unit shows excellent reservoir quality, reflected by higher permeability and 
porosity, associated with a major fraction of meso and macropores. Diagenetic alterations are 
more pronounced in this unit, related to karstification processes, observed by the higher 
incidence of fractures and dissolution features. Within this unit, distinct characteristics were 
observed in the Upper Sag I and II sequences defined by the MFC. 
The Upper Sag II represents the best reservoir interval of the sag succession, dominated 
by macro and mesoporosity. Extremely high values of permeability detected by the well tests 
(average values above 2000 mD) show the influence of the fractures and vugs. Core plugs 
confirm the great reservoir quality, with an average porosity of 14% (up to 22%) and 
permeabilities up to several millidarcies. The Upper Sag I, despite the presence of meso- and 
macroporosity, fractures and vugs, presents a decrease in the reservoir quality, which can be 
related to diagenetic alterations, such as silicification, and/or the occurrence of Mg-clays, that 
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usually reduces both porosity and permeability. The higher uranium concentration in this 
sequence is not completely clear, but it may be associated with precipitations filling fractures 
and dissolution features, as the circulation of hydrothermal waters may cause precipitation of 
uranium salts in these structures (Ellis and Singer, 2007; Klaja and Dudek, 2016). The influence 
of diagenesis is probably the main factor that distinguishes Upper Sag I and II, in terms of 
reservoir quality. 
The MICP analysis, carried out for samples from the Upper Sag unit of Well B, indicated 
high variability of the pore-throats radius, which may be related to the heterogeneous 
distribution of diagenetic processes (Herlinger Jr. et al., 2017). The pore-throat distribution 
shows wide variation (micro ≅ 30%; meso ≅ 46%; macro ≅ 24%) for a sample of Upper Sag 
I, while dominance of macroporosity (micro ≅ 2%; meso ≅ 11%; macro ≅ 87%) in Upper Sag 
II (Figure 3.9b and 9c). The mean pore-throat radius distribution increases toward the top 
(Figure 3.9d). 
 
Figure 3.9 (a) Composite log for Well B: stratigraphy (track 2); CGR (track 3); Uranium from 
spectral GR (track 4); sonic log (track 5); deep resistivity (track 6); NMR porosity (track 7); 
NMR permeability (track 8); interpreted spectroscopy log: Clay, QTZ (silica cement), DOL 
(dolomite), CALC (calcite) (track 9). Pore-throat radius distribution for a sample of (b) Upper 
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Sag II, dominated by macropores, and (c) Upper Sag I, evidencing wide variation from micro 
to macropores. (d) Higher pore-throat radii observed for the sample sets (n = 9) from Upper 
Sag II (average = 13.14 µm) compared to Upper Sag I (average = 5.35 µm). 
The distribution of fractures and dissolution features interpreted from the image logs also 
shows a good stratigraphic control within the sag interval, with a significant increase in the 
occurrence of these features from the lower to the upper sag units (Figure 3.10). This broad 
variation is related to the distinct rock mechanical properties, associated with stratigraphic 
evolution, and is a key parameter that affects the reservoir performance, directly related to 
higher permeabilities. 
 
Figure 3.10 (a) Fractures and extensive dissolution features observed in ultrasonic borehole 
image in the upper sag unit, controlled by the sedimentary cyclicity and rock properties. 
Examples of the influence of the diagenetic process, (b) silicification and (c) dolomitization, in 
this case, reducing the porosity. The diagenetic overprint resulted in a complex porous system 
that increases the uncertainty of the porosity-permeability relationship. 
1 m
3 m T
R
T-R 
Cycle
Ultrasonic
Borehole Image
a) b)
Phi
Vug
- +
UBI Phi
- +
Litho
UBI Litho Phi
- +
c)
Quartz
Dolomite
1 m
65 
 
 
CONCLUSIONS 
The analysis of sedimentary cyclicity comprising different hierarchical orders enabled the 
characterization of the stratigraphic evolution of an Aptian carbonate pre-salt succession of the 
Barra Velha Formation from the Santos Basin, based on well log analysis and with the support 
of 3D seismic data.  
Three hierarchical orders of cyclicity were identified. The high-frequency cycles, induced 
by local lake-level fluctuations, form the basis for the definition of larger-scale cycles. The 
medium-frequency cycles, controlled by major climate variations, enabled the subdivision of 
the sag interval into three main stratigraphic sequences. The low-frequency cycles defined two 
major units, Lower and Upper Sag, associated with changes in the depositional pattern and 
bounded by regional unconformities, which could be also recognized in 3D seismic data. 
The stratigraphic units show a strong control on the distribution of the reservoir 
properties, which are greatly affected by post-depositional processes, such as diagenetic 
alterations. 
The detailed stratigraphic investigation, based on sedimentary cyclicity analysis, enabled 
the characterization of a local predictive stratigraphic framework, associated with 
paleoenvironmental changes and the evolution of the depositional settings. This stratigraphic 
characterization provided a better understanding of the reservoir’s behavior in the sag interval. 
Such analysis may be valuable for reservoir modeling, to improve the predictability of the 
spatial distribution of reservoir facies and producing zones. In addition, it may help to enhance 
reservoir performance and reduce exploration risks. 
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ACOUSTIC BOREHOLE IMAGE LOG BASED STRUCTURAL ANALYSIS OF A 
BRAZILIAN PRE-SALT CARBONATE RESERVOIR FROM THE SANTOS BASIN 
 
ABSTRACT 
Borehole image logs have been widely applied to reservoir characterization, as it provides 
higher resolution information of the subsurface. These image logs have become critical for the 
development of reliable stratigraphic and structural interpretation for reservoir evaluation. 
Among the imaging tools, the acoustic image logs are extremely useful to identify fractures, 
vugs, and borehole breakouts, which also make these logs the most suitable for structural 
characterization studies. In this study, we used acoustic borehole image logs to perform 
structural analysis for an Aptian pre-salt carbonate reservoir from the Santos Basin, SE Brazil. 
The study included structural dip analysis, fractures evaluation, and estimation of the present-
day in-situ stress orientation. The bedding dips pattern highlighted two main units comprising 
the sag interval and enabled a detailed structural zonation of the succession into five zones. The 
natural fractures were analyzed in terms of type, orientation, and density. In the study interval, 
these features are dominantly striking to NNE-SSW, with a secondary set oriented NNW-SSE. 
The vertical distribution of the open fractures revealed a stratigraphic control, with higher 
density in the Upper Sag unit. In the stress analysis, the drilling-induced fractures and borehole 
breakouts indicated a dominant NNE-SSW trend for the in-situ maximum horizontal stress 
(SHmax) and an NNW-SSE trend for the minimum horizontal stress (Shmin), respectively. The 
dominant orientation of the open fractures is nearly parallel to maximum horizontal stress 
direction, which often contributes to the fluid flow. Therefore, the borehole image logs were 
suitable for a detailed structural analysis of this pre-salt carbonate reservoir. This may provide 
valuable constraints for reservoir modeling, crucial to enhancing exploration and production 
strategies. 
 
Keywords: Borehole image logs, Brazilian pre-salt reservoir, In-situ stress analysis, Santos 
Basin, Structural analysis. 
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INTRODUCTION 
The complexity of carbonate rocks, such as the Brazilian pre-salt carbonates, poses 
critical challenges for an effective evaluation of these types of reservoirs. Over the past decades, 
the borehole image logs (e.g. resistivity or acoustic-based images) have become essential and 
widely applied for reservoir characterization. These logs provide high-resolution images of the 
borehole and detailed information about the reservoir rocks, overcoming major limitations of 
the conventional wireline logs and seismic data (Prensky, 1999; Lagraba et al. 2009; 
Khoshbakht et al., 2012; Shahinpour, 2013). 
Among the main types of imaging tools, the acoustic image logs are commonly used for 
the structural and stratigraphic analysis of the reservoir providing full borehole coverage 
(Prensky, 1999; Lagraba et al., 2009; Zahmatkesh et al., 2015). The geological features 
interpreted from acoustic imaging characterize detailed structural information at the sub-
seismic scale, which are key for the structural dip analysis, fractures evaluation, and in-situ 
stress analysis (Barton and Zoback, 2002; Ameen et al., 2010; Kosari et al., 2015; Lai et al., 
2018). 
The identification of natural fractures remains as one of the most important application 
of acoustic image logs, since these features may have a large impact on reservoir performance, 
particularly in carbonate reservoirs (Nelson, 2001; Rajabi et al., 2010; Ameen et al., 2012; Lai 
et al., 2017). Fracture types (e.g. open, closed, partially open), orientation (dip angles and 
direction), and density can be estimated from the high-resolution image logs (Barton and 
Zoback, 2002; Kosari et al., 2015; Lai et al., 2017; Lai et al., 2018). 
These logs play a crucial role in stress analysis, in which the drilling-induced fractures 
and borehole breakouts are used to indicate the in-situ stress direction, related to present-day 
tectonics (Barton and Zoback, 2002; Ameen et al., 2010; Rajabi et al., 2010; Ameen et al., 2012; 
Kosari et al., 2015; Nian et al., 2016). The characterization of the present-day in-situ stress can 
have significant implications for hydrocarbon production rates, mostly concerning the control 
on natural fractures effectiveness in fluid flow (Laubach, 2003; Rajabi et al. 2010; Nian et al., 
2016). In general, fractures oriented parallel to the maximum horizontal stress greatly enhance 
the contribution to the fluid flow (Barton et al., 1995; Laubach, 2003; Lai et al., 2017). 
Furthermore, the accurate estimation of stress orientation may be important to wellbore stability 
and enhanced oil recovery techniques (Tingay et al., 2005; Rajabi et al. 2010; Nian et al., 2016). 
According to Richard and Pieri (2010), full-field constraints may be obtained from these 
well-scale structures, which, in turn, are often detached from the larger-scale structures. In 
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fractured reservoirs, the fracture characterization studies play an important role in supporting 
field development strategies (Richard et al., 2014).  
In this way, we analyzed the main geological features interpreted from acoustic borehole 
image logs comprising two wells of an Aptian pre-salt carbonate reservoir from the Santos 
Basin, SE Brazil. The main goal was to perform structural analysis within the sag interval, from 
a structural dip analysis, fractures evaluation, and the estimation of the present-day in-situ stress 
orientation, which is based on borehole breakouts and drilling-induced fractures. This analysis 
may provide valuable constraints for reservoir modeling and to predict the reservoir behavior, 
bridging a gap between in-situ well observations and field-wide seismic structural 
interpretation. 
 
GEOLOGICAL SETTINGS 
The study area is located in the outer high of the Santos Basin, along the Brazilian 
southeastern margin, about 300 km south off the coast of Rio de Janeiro, in water depths of 
approximately 2,200 m. The studied interval comprises the pre-salt lacustrine carbonates of the 
Barra Velha Formation, in depths greater than 5,200 m. The study area is characterized by an 
elongated NW-trending structural high, limited by normal faults (Figure 4.1). 
The development of the Santos Basin is related to the breakup of the Gondwana and 
opening of the South Atlantic Ocean in the Early Cretaceous (Cainelli and Mohriak, 1999). 
According to Mohriak et al. (2008), most of the tectonic activity in the eastern Brazilian 
sedimentary basins is associated with the evolution of the South Atlantic opening, with thermal 
subsidence typical of passive continental margins.  
Initially, this evolution is marked by increased lithospheric stretching and thinning of the 
continental crust forming a continental rift that subsequently evolved into seafloor spreading. 
This stage dominated by rifting (Hauterivian- Barremian) is characterized by the development 
of half-grabens formed by rotated and faulted blocks (Mohriak et al., 2008). The rift phase is 
followed by a post-rift phase, characterized by a limited activity of the fault systems and broad 
regional subsidence associated with cooling of the lithosphere (De Luca et al., 2017). 
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Figure 4.1 Location map of the study area and the available wells, in the outer high of the 
Santos Basin, along the Brazilian southeastern margin (modified from Mohriak et al., 2008). 
The pre-salt sedimentation in the Santos Basin comprises an Early Aptian sequence 
deposited under rift tectonics (syn-rift phase) and a Late Aptian sequence deposited under stable 
tectonic conditions in a sag basin (post-rift phase), separated by the Pre-Alagoas unconformity. 
In a regional context, the small grabens controlled the paleogeography of the lake system, while 
the thermal subsidence provided the expansion of the lacustrine deposits of the sag interval, 
culminating with the deposition of a thick evaporitic sequence at the end of the Aptian period 
(Moreira et al., 2007; Fetter et al., 2018). 
The Barra Velha Formation was deposited during the sag phase (Aptian) in the Santos 
Basin, under relatively limited tectonic activity with dominant thermal subsidence (Figure 4.2). 
This sequence is dominated by lacustrine carbonates that include mainly shrub, spherulite, and 
laminite facies, but also re-worked grainstones/rudstones (Wright and Barnett, 2017). The most 
important reservoirs were deposited at structural highs controlled by normal faults, while fine-
grained limestones define the background sedimentation (Fetter et al., 2018). The lower and 
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upper limits of the Barra Velha Formation are given by the Pre-Alagoas unconformity and 
evaporites of the Ariri Formation, respectively. The Barra Velha Formation is subdivided into 
informally defined Lower and Upper Barra Velha by the Intra-Alagoas unconformity (Moreira 
et al., 2007). 
 
Figure 4.2 Simplified stratigraphic framework of the Santos Basin. The studied interval (Barra 
Velha Formation) is highlighted in gray (modified from Moreira et al., 2007). 
 
DATASET AND METHODS 
The dataset used in this work comprises acoustic borehole image logs, including 
Ultrasonic Borehole Imager (UBI) and Circumferential Borehole Imaging Log (CBIL), from 
two wells located in the outer high of the Santos Basin. The interpreted dips, previously 
interpreted, were assigned to distinct dip sets, such as beddings, fractures, induced fractures, 
and borehole breakouts (Table 4.1). To support a multi-scale study we used both wireline logs, 
which included gamma-ray (GR), sonic (DT), density (DEN), neutron (NEU), photoelectric 
factor (PEF), and resistivity (RES), and 3D seismic data, which covers approximately 120 km2. 
For confidentiality reasons, the wells were named A and B. 
Table 4.1 The logged interval for wells A and B with borehole image logs and the interpreted 
dip sets. 
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Drilling-Induced 
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Breakouts
A UBI 628 4640 4297 123 15 37 168
B CBIL 430 1100 1000 93 8 - 9
Image 
Tool
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Dip Sets
Well 
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The workflow for the structural analysis includes the application of the following main 
steps to the dip data sets: 
 Structural dip analysis based on bedding dips orientation, in order to establish a structural 
zonation (structural dip computation), using tadpole plots, stereonet plots and dip-azimuth 
vector plot (walkout plot); 
 Fracture analysis: types, attitudes (dip angle and strike orientation), and fracture density 
distribution; 
 Estimation of present-day in-situ stress directions from the orientation of borehole 
breakouts and drilling-induced fractures. 
The quality control of the dips picked from borehole image logs and the analysis of the 
dip datasets was carried out using commercial software. 
 
Acoustic imaging tools 
Acoustic borehole televiewer imaging tools involves an ultrasonic pulse towards the 
borehole wall and the simultaneous measure of the amplitude and transit time of the reflected 
acoustic pulse (Prensky, 1999; Abdideh and Amanipoor, 2012). The UBI and CBIL are among 
the commonly used acoustic-based imaging tools. 
Ultrasonic Borehole Imager (UBI) 
In the acoustic-based UBI tool, the sonde includes a rotating transducer, which transmits 
an ultrasonic pulse to the borehole wall and receives the reflected pulse.  The UBI tool 
accurately measures both amplitude and transit time, which are mainly dependent on the 
acoustic impedance of the formation and borehole geometry/rugosity, respectively. The UBI 
images show great sensitivity to surface variations in the borehole wall, then the rugosity of the 
borehole wall can dominate the reflection amplitude, suppressing the influence of variations in 
lithology, unless if it corresponds to borehole surface effects. The UBI is commonly used to 
fractures analysis, stress and borehole stability studies, with full borehole coverage, and 
structural interpretations (Schlumberger, 2002; Shahinpour, 2013). 
Circumferential Borehole Imaging Log (CBIL) 
The CBIL scan the borehole wall using a modified rotating transducer that emits and 
records a 250 KHz pulse directed into the formation. The variation in rock properties and 
borehole geometry results in the different characteristics of the returning wave recorded by the 
amplitude and sonic travel time (Zemanek et al., 1990; Nian et al., 2016). The CBIL generates 
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sharp images enhancing boundary delineation. This tool is suitable for fracture analysis and in-
situ stress field estimation from borehole breakouts and drilling-induced fractures (Shahinpour, 
2013). 
 
Classification of fractures 
Based on their genesis process and image features the interpreted fractures were classified 
into natural and stress-induced fractures (drilling-induced fractures and borehole breakouts) 
(Prioul et al., 2007; Ameen et al., 2010; Abdideh and Amanipoor, 2012; Lai et al., 2018). 
Natural fractures are those related to natural deformation of the rock prior to drilling, 
usually caused by tectonic stresses (stress regime and/or tectonic activities) (Nelson, 2001). 
These fractures are common features in carbonate formations, influenced by the regional 
tectonic stress direction. This group was further subdivided into open and closed fractures. 
Drilling-induced fractures and borehole breakouts are stress indicators that represent 
borehole wall deformation by anisotropic stresses under reservoir conditions (Ameen, 2016). 
Drilling-induced fractures are characterized as near-vertical fractures, subparallel or slightly 
inclined to the borehole axis in vertical wells, developed in the direction of the maximum 
horizontal stress (SHmax) (Gough and Bell, 1981; Aadnøy and Bell, 1998; Zoback et al., 2003; 
Tingay et al., 2005; Ameen et al., 2010; Zahmatkesh et al., 2015; Nian et al., 2016). These 
features are caused by tensile failure of the borehole wall when the wellbore stress concentration 
is less than the tensile strength of the rock (Aadnøy, 1990). Breakouts are characterized as 
borehole elongations, developed parallel to the minimum horizontal stress (Shmin) direction, 
occurring orthogonal to the drilling-induced fractures (Zoback et al., 2003; Ameen et al., 2012; 
Chaterjee et al. 2017). These features result in the “spalling or caving of the borehole”, where 
the wellbore tangential compressive stress exceeds the rock strength (Bell and Gough, 1979; 
Zoback et al., 1985).  
 
STRUCTURAL ANALYSIS FROM BOREHOLE IMAGE LOG DATA  
Structural dip analysis 
The bedding dips were used for the structural dip analysis, as they are considered 
indicators of the structural dip (or tectonic tilt). These dips indicate the attitude (dip magnitude 
and azimuth) of the formations, which results from the influence of post-depositional tectonic 
deformation. 
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The bedding dips could be recognized from the image logs throughout the entire sag 
interval and were classified in high and low angle dips sets. The sag interval has been 
subdivided into two main stratigraphic units: Lower and Upper Sag. The Upper Sag unit, in 
turn, is subdivided into Upper Sag I and II. 
In the well A, a total of 4297 bedding dips have been picked over the sag interval, 
indicating a dominant westward dip azimuth orientation, but variations in the dip magnitude in 
the Lower and Upper Sag units (Figure 4.3a-f). In the Lower Sag, the dip azimuth shows the 
same unimodal WSW direction, with a mean dip azimuth of 250 degrees and dip magnitude 
predominantly between 10 and 20 degrees. However, in the Upper Sag, scattered dip azimuth 
pattern was observed, which made difficult to identify a dominant structural dip. Despite the 
scattered azimuth orientation, a major westward (WNW, SW and mainly WSW) and a minor 
eastward (ENE and ESE) trends could be recognized. The dip magnitude shows a broader 
distribution associated with an upward increase of the dips. 
In the well B, a total of 1000 bedding dips have been recognized over the sag interval, 
without a dominant direction for the bedding dips (Figure 4.3g-l). Despite the relatively 
scattered dip azimuth pattern, a preferential bi-modal orientation towards WNW and E-ESE 
could be observed. In the Lower Sag, the dip azimuth shows a dominant westward trend (West 
to WNW), with a major spread between 250-310 degrees and a mean dip azimuth of 285 
degrees. In the Upper Sag, there is a relative scattering of the azimuth directions, but with a 
preferential eastward trend (ENE, East, and ESE).  The bedding dips also indicates an upward 
increase of the dip magnitudes, with mostly between 10 and 30 degrees and mean dip of 16 
degrees in the lower unit, indicating roughly sub-horizontal strata, and broader distribution 
associated with higher values in the upper unit, with mean dip of 30 degrees. 
Therefore, a detailed structural zonation was also performed based upon the variations 
computed in the bedding dips. For the structural zonation analysis, the dip-azimuth vector plot 
(walkout plot) was used to assist in the definition of different zones through the sag interval. 
This plot displays vectors that represent the dip-azimuth of the bedding features indicating 
changes in the directional trends for the evaluation of structural tilt. The dip-azimuth vector plot 
for the well A (Figure 4.4a) displays all dips picked, indicating a consistent westward dip-
azimuth trend (WSW-SW) in the Lower Sag unit, with an upward slight progressive rotation 
from WSW to SW, and no major breaks found. In the Upper Sag unit, the dip vector does not 
show a dominant direction, with major inflection points, due to the scattered dip azimuths 
(Figure 4.4b).  
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Figure 4.3 Stereonet diagrams of bedding dips for Wells (a-f) A and (g-l) B. Well A: (a) Rose 
diagram (plotted in azimuth) shows a main westward dip azimuth orientation (WSW) in the sag 
interval, (b) westward dip azimuth orientation (WSW) in the Lower Sag, and (c) scattering dip 
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azimuth orientation in the Upper Sag. Well B: (g) Rose diagram shows a chaotic dip azimuth 
direction pattern in the sag interval, (h) westward dip azimuth orientation (WNW) in the Lower 
Sag, and (i) preferential eastward dip azimuth direction (ENE, East, ESE) in the Upper Sag. (d-
j) General distribution of bedding dips. Dip magnitude histogram for the (e-k) Lower and (f-l) 
Upper Sag. 
 
Figure 4.4 (a) Dip-azimuth vector plot and (b) dip azimuth plot of the bedding dips of the well 
A over the sag interval. The inflection points in the Upper Sag unit indicate shifts in the 
structural dip orientation, while the Lower Sag unit does not show any significant inflection 
point. The plot is read from the bottom to the top of the logged section. 
The structural zonation analysis for both wells has resulted in five main structural zones 
(Figure 4.5a-b): 
 The zone 1 corresponds to the Lower Sag, with quite consistent westward dip azimuth 
directions and lower dip magnitudes, in general, below 25 degrees, for both wells. 
 The zones 2 and 3 comprise the Upper Sag I indicating the highest dip magnitudes, 
due to the higher incidence of fractures. In the well A, there is a broad variation of the 
dip azimuths, which changes from WSW-SW in zone 2 into an opposite dominant 
eastward direction in zone 3. In the well B, there is a clear eastward trend, with a slight 
rotation of dominant dip azimuths upward, from East (zone 2) to ENE (zone 3). 
 The zones 4 and 5 comprise the Upper Sag II. In the well A, the dip azimuth changes 
from an SW direction in zone 4 to a dominant ESE direction in zone 5. In the well B, 
the zone 4 shows a very chaotic dip azimuth pattern, hard to be assigned a dominant 
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direction, while the zone 1 shows a dominant SE direction, associated with a marked 
upward decrease of dip magnitudes. 
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Figure 4.5 Structural zonation of wells (a) A and (b) B over the sag interval, based on the 
variation of bedding dips pattern, corroborated with well log data. Rose diagrams (plotted in 
azimuth) of the beddings dips, and mean dip magnitude and azimuth values are presented for 
the defined structural zones. 
 The integrated analysis of the bedding dips pattern and well log data allowed the 
recognition of the overall character of the main stratigraphic units within the sag interval for 
both wells.  
For both wells, in the Lower Sag unit, the bedding dips azimuth show a dominant 
westward trend (WSW to WNW) and lower dip magnitudes, mostly below 25 degrees. This 
consistent preferential trend of the dip-azimuths direction reflects the dominance of laminite 
facies, which are associated with low energy environments and horizontally stratified 
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deposition. Besides, a minor influence of structural deformation was observed in this basal unit 
by the lower occurrence of fractures and vuggy features.  
However, the Upper Sag unit, mostly dominated by shrub and spherulite facies, is 
characterized by higher dip magnitudes than the Lower Sag and scattered dip-azimuths 
orientation (multi-modal dip direction). The rapid changes in the azimuth direction and higher 
dip magnitudes are probably associated with the dome-shaped depositional geometry of these 
facies. This variation may have been also influenced by the greater occurrence of fractures and 
vuggy features in this unit, resulting from the strong influence of post-depositional deformation, 
observed on image logs and seismic data. The seismic data shows a higher degree of fracturing 
and faulting associated with the drilled mounded structures, characterized by discontinuous and 
chaotic reflection pattern, corroborating with the interpreted from the bedding dips. 
Therefore, the structural analysis has highlighted an overall steepening of the dip 
magnitudes and higher dip-azimuth dispersion above the transition from the Lower to the Upper 
Sag units, which may be indicative of a major stratigraphic surface, in this case, correlated to 
the Intra-Alagoas unconformity (Moreira et al., 2007).  
Finally, the analysis of the conventional logs (Figure 4.5), such as GR, DTCO, and PEF, 
indicates a change in lithologic characteristics at the Intra-Alagoas unconformity. The GR log 
shows a clear distinct response for the Upper and Lower Sag units. Despite the lower values of 
GR log, the Lower Sag unit is characterized by finer-grained laminite facies. In the Upper Sag 
unit, the higher values are probably associated with precipitations filling fractures and 
dissolution features. 
 
Fractures and stress analysis 
The fracture types were classified as natural and stress-induced fractures (drilling-induced 
fractures and borehole breakouts). By the analysis of the natural fractures (open and closed 
fractures), the pre-salt sag interval can be understood as a fractured reservoir in the study area. 
In the well A, 138 natural fractures were interpreted over the sag interval (123 open and 
15 closed fractures). The fractures show a relative scattering in their dip azimuth and magnitude, 
with mean dip magnitude of 62 degrees. The fractures display a dominant NNE-SSW and a 
secondary NNW-SSE strike orientation, with minor NE-SW to ENE-WSW and WNW-ESE 
trends (Figure 4.6a-c). Regarding the main units, the Lower Sag shows a unimodal NE-SW 
strike orientation but defined from only 7 interpreted fractures. The Upper Sag I shows 
dominant NNE-SSW and secondary NNW-SSE orientations, while the Upper Sag II contributes 
85 
 
 
to the broader scattering of the fractures orientation in this well, but with a main NNE-SSW 
trend. 
In the well B, 101 fractures were interpreted over the sag interval (93 open and 8 closed 
fractures). It was observed a broad variation of the dip azimuth and magnitude, with mean dip 
magnitude of 69 degrees. The fractures display a dominant NNE-SSW and a secondary NNW-
SSE to NW-SE strike orientation, with minor NE-SW to E-W and WNW-ESE trends (Figure 
4.6d-f). Regarding the main units, the Lower Sag shows a dominant NNE-SSW strike 
orientation. The Upper Sag I shows an opposite main NNW-SSE strike orientation and minor 
NNE-SSW, ENE-WSW, and WNW-ESE trends. In the Upper Sag II, only 8 fractures were 
interpreted, with the main strike oriented to NE-SW. 
 
Figure 4.6 Overview of the fractures characteristics in the sag interval for wells A and B: 
Stereonet (upper hemisphere with Schmidt net) showing the distribution (dip angle and 
azimuth) and strike orientation of the fractures. Rose diagram shows strike orientations in (a) 
well A, dominant NNE-SSW (blue arrows) and secondary NNW-SSE (green arrows) trend, 
with minor NE-SW to ENE-WSW (yellow arrows) and WNW-ESE (orange arrows) trends; and 
(d) well B, dominant NNE-SSW (blue arrows) and secondary NNW-SSE to NW-SE (green 
arrows) trend, with minor NE-SW to E-W (yellow arrows) and WNW-ESE (orange arrows) 
trends. (b-e) Histogram shows the dip magnitudes range. (c-f) Rose diagrams of the fractures 
by units. 
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Despite the relative scattering in the dip magnitude and orientation of the fractures 
observed in both wells, the fractures strike indicate two main sets at the field scale, an overall 
dominant NNE-SSW and a secondary NNW-SSE to NW-SE trend, with dip magnitudes 
varying mostly between 60-80 degrees. These secondary fractures set is parallel to subparallel 
to the main fault system observed in the area from the seismic interpretation, which is 
predominantly NNW-SSE. According to Ameen et al. (2012), the definition of the strike 
orientation of fracture sets plays an important role in inferring the directions of the principal 
horizontal stresses in the well. 
Regarding the analysis of the main strike orientations for fractures and bedding dips in 
the sag interval, in the well A, the dominant NNE-SSW striking set can be classified as an 
oblique set, due to the relative perpendicular orientation to the main bedding strike, while the 
fractures striking NNW-SSE represents a longitudinal set, displaying similar orientation as the 
main bedding strike. According to Berg and Newson (2011), fractures tend to be perpendicular 
to bedding. However, in the well B, an opposite behavior was observed, as the dominant and 
secondary fracture sets represent longitudinal and oblique sets, respectively. As observed for 
the bedding dips, the Upper Sag unit showed greater variation in the fractures orientation. 
The analysis of fracture density focused on the occurrence of the open fractures, because 
these types may have a significant impact on reservoir performance (Laubach, 2003; Ameen et 
al., 2012). The distribution of the open fractures is stratigraphically controlled at the well scale, 
displaying a significant variation over the section that allowed the subdivision into two major 
domains (mechanical units): the sparsely fractured Lower Sag, associated with the laminites 
with higher clay content, and the highly fractured Upper Sag unit, associated with the increased 
carbonate production in the formation (Figure 4.7). Therefore, the rock mechanical properties 
are probably one of the main controls that influenced the distinct occurrence of the natural 
fractures within the succession. This characteristic observed at the well scale is in agreement 
with the seismic expression, which indicates a higher degree of fracturing and faulting in the 
Upper Sag unit, related to the mound-like features (Figure 4.8).  
The vertical distribution of the fractures resulted also in a mechanical zonation within the 
sag interval, associated with interpreted structural zones. For both wells, the higher fracture 
density was observed in zones 2 and 3, and zone 4 in the well A. The highest fractures density 
occurs in the Upper Sag I, but not limited to that. In the well B, two fracture clusters were 
observed towards the top of the Lower Sag unit. A well test performed in this well indicates the 
importance of these fractures contributing to the fluid flow in this interval, considering the 
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estimated low matrix porosity. In the well A, a well test performed in zones 3, 4 and 5, revealed 
a high flow capacity (k.h = 464000 mD.m) and high productivity (PI = 58.2 m³/d/kgf/cm²), 
which is corroborated by the reasonable occurrence of open fractures in this interval. The 
analysis of fracture density and matrix porosity shows the occurrence of fracture clusters mostly 
associated with a decrease in porosity, which may suggest an influence of the fractures on the 
fluid flow in this reservoir. 
Furthermore, the vuggy features are mostly concentrated in the Upper Sag in wells A 
(zones 3 and 4) and B (zones 2 and 3). These dissolution features (up to metric vugs and caves) 
were interpreted by previous studies to be associated with the circulation of hydrothermal fluids 
throughout faults and fractures (e.g. De Luca et al., 2017; Lima and De Ros, 2019). According 
to Tosca and Wright (2015), most of the porosity in the pre-salt reservoirs is of secondary origin, 
as well as, important vuggy-cavernous packages were defined as one of the main reservoir 
porosity types in other pre-salt areas (De Luca et al., 2017). 
 
Figure 4.7 Vertical distribution of the open fractures within the sag interval for the wells (a) 
A and (b) B. Fracture dips (track 4), fractures density (track 5), rose diagram per sequence 
(track 6), and the defined mechanical zonation (track 7). The fracture clusters occur associated 
with a decrease in porosity values (track 3). 
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The seismic structural interpretation shows a distinct pattern of several faults cross-
cutting all the studied sequence (Figure 4.8a). Some major faults developed below the reservoir 
interval and occur displacing major strata within the reservoir. Small-scale faults, characterized 
by relatively small lengths (Figure 4.8a-b), produce relatively small offsets of the reservoir 
strata and occur mostly at the top, within the Upper Sag unit. This unit is marked by 
discontinuous and chaotic seismic reflection pattern, which may be associated with an intense 
degree of faulting and fracturing. Two main striking directions were observed from the 
interpreted seismic faults, in particular, NNW- and NW-trending set (Figure 4.8c). 
 
Figure 4.8 (a) Seismic cross-section (WSW-ENE) of the study area, highlighting the major 
fault structures, in particular, the large- and small-scale faults that occur either crosscutting the 
whole sequence or only at the top of Upper Sag unit. (b) Depth-slice showing the interpreted 
fault traces, depicting the different scales of these structures and their main striking directions. 
(c) Length-weighted rose plot showing the dip azimuth of the main faults and their respective 
dipping poles. 
The present-day in-situ stress direction was defined based on the analysis of the drilling-
induced fractures and borehole breakouts. These features may indicate the present-day in-situ 
minimum (Shmin) and maximum (SHmax) horizontal stress directions which are expected to 
be nearly 90º from one another. 
In well A, the borehole breakouts indicate an NW-SE direction for the minimum 
horizontal stress (Shmin), while the drilling-induced fractures, interpreted only in the Upper 
Sag unit, show an orthogonal NNE-SSW to NE-SW direction for the maximum horizontal stress 
(SHmax) (Figure 4.9a). In well B, only borehole breakouts were interpreted, which indicates a 
WNW-ESE direction for the minimum horizontal stress (Shmin). The SHmax direction, which 
is orthogonal to breakout direction, can, therefore, be inferred to be NNE-SSW (Figure 4.9b). 
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It is also important to emphasize that the relationship between breakouts and induced fractures 
as stress orientation indicators might be more reliable for vertical wells. 
The orientation of the breakouts and induced fractures in both wells shows vertical 
(without significant rotations with increasing depth) and lateral consistency indicating an 
NNW-SSE to WNW-ESE trend for the present-day in-situ minimum horizontal stress (Shmin) 
and a main NNE-SSW direction for the maximum horizontal stress (SHmax) in the study area. 
This agrees with the dominant trend observed for the open fractures at the field scale. 
The open fractures dominantly strike NNE-SSW, parallel to sub-parallel with the 
interpreted in-situ maximum horizontal stress direction (Figure 4.9c-d). These features are more 
likely to be oriented in the direction of SHmax, which may impact the development of large 
apertures, representing the most probable features to contribute significantly to the fluid flow 
(Rogers, 2003; Lai et al., 2018). The secondary fractures set, striking NNW-SSE, show a 
different orientation from the SHmax which suggests that these fractures may probably be 
related to another tectonic phase than the present-day stress regime. Different strike orientations 
of the fractures may be the result of shifts in the stress regimes over time. 
 
Figure 4.9. Rose diagram of the drilling-induced fractures and borehole breakouts for wells (a) 
A and (b) B, which indicates the in-situ maximum (blue arrows) and minimum (green arrows) 
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horizontal stress directions in the study area. Rose diagrams of the open fractures strike 
orientation for wells (c) A and (d) B. Consistent orientation of the dominant fracture set (NNE-
SSW) nearly parallel to the present-day in-situ maximum horizontal stress direction, indicated 
by the drilling-induced fractures trend. 
 
CONCLUSIONS 
The structural analysis was developed for two wells of an Aptian pre-salt carbonate 
reservoir of the Barra Velha Formation from the Santos Basin, using high-resolution borehole 
image logs, with the support of 3D seismic data. The main structural features analyzed were 
bedding dips, natural fractures, drilling-induced fractures, and borehole breakouts. The main 
results can be summarized in the following conclusions: 
Structural dip analysis: the bedding dips highlighted the two main units over the 
succession, indicating an overall steepening of the dip magnitude and scattering of the dip 
azimuth toward the upper unit. The Lower Sag is characterized by more regular beddings, with 
a dominant westward (WSW-WNW) azimuth trend and dip magnitude mostly below 25 
degrees. The Upper Sag is characterized by higher dip magnitude and scattered dip azimuth 
orientation, associated with the dome-shaped depositional geometry and, probably, strong 
influence of small-scale and post-depositional deformation, observed by the borehole image 
logs and seismic data. The variation in the bedding dips orientation enabled a detailed structural 
zonation into five structural zones. 
Fracture evaluation: fracture attitudes (dip angle and strike orientation), types (open and 
closed), and distribution (fracture density) were investigated. The fractures were classified into 
closed and, mainly, open fractures mostly characterized by high angle dips (approximately 60 
to 80 degrees). Despite a relative scattering in the strike orientation, two main sets were 
identified: a major set dominantly striking NNE-SSW and a secondary set oriented NNW-SSE. 
The succession presents vertical structural heterogeneity, observed by the major occurrence of 
open fractures and vuggy features in the Upper Sag unit. These features are characterized by 
complex spatial distribution and to have important implications for reservoir behavior. 
In-situ stress analysis: the present-day in-situ stress directions were inferred from drilling-
induced fractures (SHmax) and borehole breakouts (Shmin), indicating a dominant NNE-SSW 
trend for the present-day in-situ maximum horizontal stress (SHmax) and an NNW-SSE 
direction for the minimum horizontal stress (Shmin), respectively. No significant shifts were 
observed in the orientation of the stress indicators, indicating a consistent direction of SHmax 
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and Shmin at the field scale. The dominant open fractures strike orientation is nearly parallel to 
the SHmax direction that suggests a higher contribution to the fluid flow. 
Borehole image logs record crucial high-resolution data for the structural analysis of 
complex reservoirs, providing conditioning geological models, which may help to reduce the 
uncertainty in reservoir characterization and therefore the exploration risks. 
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5. CONCLUSIONS 
 
 
This study contributes with the application of different approaches for the primary 
purpose of assisting in the characterization of post- and pre-salt carbonate reservoirs from the 
Campos and Santos Basins, southeastern Brazil. These approaches include sedimentary 
cyclicity analysis and in-situ structural characterization, with particular relevance in the 
integration of data across different scales, such as core-, well- and seismic-scale data, in an 
effort to address most of the heterogeneities that make the evaluation of carbonate reservoirs a 
complex task. 
The analysis of sedimentary cycles supports the understanding of the evolution of the 
depositional environment, which is important to establish predictive models of the local 
stratigraphic framework of the reservoir. The identification of the sedimentary cyclicity pattern 
plays a key role in lateral correlations and in the prediction of the spatial distribution of facies 
and, consequently, reservoir properties (porosity and permeability) across the field area. The 
application of spectral analysis methods, such as the VMD, to assist in the definition of the 
sedimentary cycles is a valuable tool as a data-driven based method, which may reduce the 
interpreter bias and enable more robust results. 
The structural characterization based borehole image logs provides crucial high-
resolution information of post-depositional structures that may highly affect the reservoir 
behavior, closing a gap between regional seismic-scale and in-situ well-scale heterogeneities. 
These include the characterization of fractures and vuggy features distribution, which greatly 
impact porosity and permeability characteristics within the reservoir. In the pre-salt reservoirs, 
these small-scale heterogeneities are of great importance, potentially enhancing the reservoir 
quality, despite the overall high matrix permeability. Another key consideration is the 
relationship between open fractures and in-situ stress direction, which may have great 
implications controlling the fluid flow. 
Thus, an integrated approach is required to the characterization of complex carbonate 
reservoirs, addressing from high-resolution well-scale through seismic-scale heterogeneities. 
This investigation can support more reliable distribution of the reservoir properties, taking into 
account fractures and vuggy features, in order to obtain better-constrained reservoir models that 
may enhance the productivity and reduce exploration risks. Further detailed investigation on 
97 
 
 
the link between sedimentary cyclicity and mechanical units may be relevant to reach a better 
understanding of fracture patterns and distribution, which impacts in reservoir behavior and 
evaluation. 
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